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ABSTRACT OF DISSERTATION 
 
 
 
THE ROLE OF CUTICLE, FATTY ACIDS, AND LIPID SIGNALING IN 
 PLANT DEFENSE 
 
 
 
 
            Systemic acquired resistance (SAR) is initiated upon recognition of specific 
microbial effectors by cognate plant resistance proteins and immunizes distal tissues of 
plants against secondary infections. SAR involves the generation of a mobile signal at the 
site of primary infection, which then translocates to and activates defense responses in the 
distal tissues via some unknown mechanism(s). This study shows that an ACYL 
CARRIER PROTEIN 4 (ACP4), GLABRA1 (GL1) and ACYL CARRIER BINDING 
PROTEINS (ACBP) are required for the processing of the mobile SAR signal in distal 
tissues of Arabidopsis. Although acp4, gl1 and acbp plants generate the mobile signal, 
they are unable to respond to this signal to induce systemic immunity. A defective SAR 
in acp4, gl1 and acbp plants is not associated with salicylic acid (SA)-, methyl SA-, or 
jasmonic acid-mediated pathways but is related to the presence of an abnormal cuticle on 
acp4, gl1 and acbp plants. Other genetic mutations impairing the cuticle also 
compromised SAR. An intact cuticle was only necessary during the time when the mobile 
signal is generated and translocated to the distal tissues. A novel role for the plant cuticle 
as the site for SAR-related molecular signaling is demonstrated.  
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CHAPTER 1 
 
INTRODUCTION 
 
Systemic acquired response (SAR), first reported by McKinney (McKinney, 1929), is a 
form of induced resistance that protects plants from secondary infections by related or 
unrelated pathogens. Although the underlying mechanism appears to be different, SAR in 
certain ways is similar to immunization in humans. SAR involves the generation of a 
mobile signal(s) in the primary leaves, which upon translocation to the distal tissues, 
activate(s) defense responses resulting in broad-spectrum resistance (Figure 1.1). The 
production of the mobile signal(s) take(s) places within 3-6 h of avirulent pathogen 
inoculation in the primary leaves (Smith-Becker et al., 1998) and the inoculated leaf must 
remain attached for at least 4 h after inoculation for immunity to be induced in the 
systemic tissues (Rasmussen et al., 1991). Although several components of the SAR 
pathway have been isolated (reviewed in Dong and Durrant, 2004; Vlot et al., 2009), the 
identity of the mobile signal(s) still remains elusive. In addition, components required for 
perception or decoding of the mobile signal(s) in the distal tissues also remain unknown. 
 
This study was initiated to elucidate the role of oleic acid, a fatty acid (FA), in plant 
defense. Characterization of a mutant impaired in oleic acid signaling showed that oleic 
acid and FA metabolism are required for cuticle development. Furthermore, cuticle was 
also required for perception of the mobile signal, but not its generation. Several factors 
contributing to normal development of cuticle were characterized and studied for their 
roles in plant defense. The following aspects were studied: 
 
 1. Role of ACYL CARRIER PROTEIN 4 in oleic acid signaling, cuticle development 
and plant defense. 
 2.  Role of GLABRA 1 in cuticle development and systemic immunity. 
 2 
 3. Role of ACYL CARRIER BINDING PROTEINS in cuticle development and 
systemic immunity. 
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Figure 1.1. Image showing induction of SAR in Arabidopsis plant. Hypersensitive 
response (HR), marked by yellow circle, is a necrotic lesion induced in response to 
inoculation with an avirulent pathogen on the primary leaf. Subsequently, an unknown 
mobile signal (indicated by yellow arrows), generated in the primary leaves, translocates 
via the vascular system throughout the plant and initiates defense in distal leaves. 
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CHAPTER 2 
 
AN INTACT CUTICLE IN DISTAL TISSUES IS ESSENTIAL FOR THE 
INDUCTION OF SYSTEMIC ACQUIRED RESISTANCE IN PLANTS 
 
Introduction 
The plant cuticle is a hydrophobic layer that covers the aerial surface of plants and forms 
the first line of contact with the environment. In the epidermis of young leaves, cuticle is 
present as a highly repellent wax layer, termed procuticle, which matures with the leaf. 
The mature cuticle is composed of cutin and cuticular wax (Figure 2.1). In Arabidopsis, 
cutin is a polymer consisting mainly of C16 and C18 diacids and ω- and mid-chain 
hydroxy fatty acids (FA) and cuticular wax is a complex mixture of very long chain fatty 
acid derivatives formed upon elongation of plastidal FA’s (reviewed in Pollard et al., 
2008). The primary components of Arabidopsis leaf waxes are very long chain alkanes 
and primary alcohols (reviewed in Samuels et al., 2008). The plant cuticle plays an 
important role in cell-cell interactions such as preventing postgenital organ fusions and 
mediating pollen-pistil contact (reviewed in Tanaka and Machida, 2006). In addition to 
limiting nonstomatal water loss, cutin and cuticular wax influence plant-insect 
interactions and serve as the primary line of defense against pathogens by providing a 
physical barrier to pathogen ingress (Riederer, 2006).  
 
In addition to this passive defense, plants also induce more specific defense responses 
targeted to particular pathogens. Often these responses are accompanied by the induction 
of localized cell death at the site of pathogen entry, which can restrict the spread of the 
pathogen to cells within and immediately surrounding the lesions. This phenomenon, 
known as the hypersensitive response (HR), is one of the earliest visible manifestations of 
induced defense response and resembles programmed cell death in animals (Gray, 2002; 
Glazebrook, 2005; Kachroo and Kachroo, 2006; Thomma et al., 2001). Concurrent with 
HR development, defense reactions are triggered in sites both local and distal from the 
 5 
primary infection. This phenomenon, known as systemic acquired resistance (SAR), is 
accompanied by a local as well as systemic increase in endogenous salicylic acid (SA) 
and the concomitant upregulation of a large set of defense genes, including genes that 
encode pathogenesis-related (PR) proteins (Durrant and Dong, 2004).  
 
SAR involves the generation of a mobile signal in the primary leaves which, when 
translocated to distal portions of the plant, activates defense responses resulting in broad-
spectrum disease resistance. The production of the mobile signal takes place within 3-6h 
after inoculation of the avirulent pathogen in the primary leaves (Smith-Becker et al., 
1998) and the inoculated leaf must remain attached for at least 4 h after inoculation for 
the induction of SAR (Rasmussen et al., 1991). Mutations compromising SA/ jasmonic 
acid (JA) synthesis or those impairing SA or JA defense signaling pathways abolish SAR 
(Durrant and Dong, 2004; Truman et al., 2007). SAR is also dependent on the SA-
binding protein 2 (SABP2)-catalyzed conversion of methyl SA to SA in the distal tissues 
(Kumar and Klessig, 2003). Recent studies have suggested that methyl SA is the mobile 
signal required to initiate SAR in distal tissues (Park et al., 2007). The generation and/or 
subsequent translocation of the mobile signal require functions of a putative lipid transfer 
protein (Maldonado et al., 2002) and glycerol-3-phosphate (G3P) dehydrogenase 
(G3Pdh; Nandi et al., 2004). The G3Pdh, which is also named as GLY1, reduces 
dihydroxyacetone phosphate to generate G3P (Kachroo et al., 2004), an obligatory 
component and precursor for the biosynthesis of all plant glycerolipids. Although several 
components contributing to SAR have been identified, the molecular signaling 
underlying SAR still remains obscure. Furthermore, the steps or components involved in 
decoding of the mobile signal remain unknown. 
 
The work presented in this chapter deals with the study of a component that is essential 
for SAR mobile signal perception. Arabidopsis mutants defective in acyl carrier protein 
(ACP) 4 are able to generate the mobile SAR signal but unable to perceive it and are 
thereby compromised in the onset of SAR. This defect in SAR is associated with the 
malformed cuticle of acp4 leaves. SAR is also compromised in lacs2, lacs9, cer1, cer3 
 6 
and cer4 mutants, which have permeable cuticles, as well as in wild-type(WT) plants 
where the cuticle is mechanically damaged. These results suggest that perception of the 
mobile signal by the cuticle in distal leaves is as important as its generation at the site of 
primary infection. 
 
In addition to its role in SAR, a mutation in acp4 also suppresses the altered defense 
phenotypes observed in ssi2 mutants. A mutation in the SSI2, which encodes stearoyl-
acyl carrier protein-desaturase (SACPD) reduces oleic acid (18:1) levels and triggers 
constitutive defense signaling by inducing the expression of multiple resistance (R) genes 
(Chandra-Shekara et al., 2007, Figure 2.2 C and Figure 2.3 ). The low 18:1-mediated 
global induction of R genes confers broad-spectrum disease resistance to multiple 
pathogens in Arabidopsis and soybean (Kachroo et al., 2001; Kachroo et al., 2003; 
Kachroo et al., 2004; Kachroo et al., 2005; Kachroo et al., 2007; Kachroo et al., 2008). 
Restoring 18:1 levels in ssi2 plants by second site mutations in ACT1 which encodes G3P 
acyltransferase (Kachroo et al., 2003) or gly1 (Kachroo et al., 2004) suppresses all the 
ssi2-triggered phenotypes. A mutation in acp4 also restores ssi2-triggered phenotypes by 
restoring 18:1 levels. Together, these results show that ACP4 is specifically required for 
FA biosynthesis in leaves and a mutation in ACP4 increases 18:1 levels by affecting the 
ACT1-catalyzed acylation of G3P. 
 
Results  
Isolation of the acp4 mutant 
To identify components mediating 18:1-derived signaling, a T-DNA based suppressor 
screen was carried out in Arabidopsis thaliana in the lab, where the ssi2 plants were 
transformed with the pBAR1 vector to generate ~ 2500 T1 plants. These were selfed and 
analyzed in the T2 generation to identify two putative suppressor mutants that showed 
wt-like morphology as opposed to the stunted ssi2 plants. One of these, a pale colored 
mutant, designated ssi2 acp4, was further analyzed by me. As opposed to ssi2, the ssi2 
acp4 plants did not develop visible or microscopic cell death (Figures 2.2A, 2.2B), and 
 7 
were restored in their 18:1 content (Figure 2.5A, Table  2.1). The ssi2 acp4 plants 
showed basal expression of R and PR-1 genes and did not accumulate increased salicylic 
acid (SA) or its glucoside conjugate (SAG) (Figures 2.2C-2.2E, Figure 2.3). Unlike ssi2, 
the ssi2 acp4 plants were responsive to JA and were able to induce PDF1.2 expression in 
response to JA treatment (Figure 2.2F). Together, these data suggested that the mutation 
in ACP4 restored 18:1 levels in ssi2 plants. This in turn restored all the altered 
phenotypes of ssi2 plants, including SA levels. 
 
Analysis of the F2 progeny derived from a backcross between ssi2 acp4 with Nössen (a 
wt ecotype) revealed that the acp4 and ssi2 mutations segregated independent of each 
other and the pale phenotype was associated with presence of the acp4 mutation. 
Southern analysis showed that both acp4 and ssi2 acp4 plants contained a single T-DNA 
insertion (Figure 2.4A). This was further confirmed by genetic studies, which mapped the 
acp4 mutation to the upper arm of chromosome 4. Attempts to clone the ACP4 gene 
using asymmetric or inverse PCR were unsuccessful. Therefore, a map-based cloning 
approach was used and T-DNA identified as an insertion in a gene encoding acyl carrier 
protein 4 (At4g25050; Figure 2.2G). As predicted, genomic DNA PCRs using ACP4 
gene-specific primers amplified ~1.4 kb from the wt genome but >10 kb product from 
acp4 and ssi2 acp4 plants (Figure 2.2H, data shown for ssi2 acp4). The ACP4 gene is 
predicted to encode a mature protein of 89 amino acids (aa) and the T-DNA was inserted 
after the 61st codon. If expressed, the truncated acp4 protein would be translated as the 
first 61 aa of ACP4 fused to 6 aa derived from the T-DNA sequence. By northern blot 
analysis, I was unable to detect full length or truncated ACP4 transcripts in acp4 and ssi2 
acp4 plants (Figure 2.2I), suggesting that the truncated transcript in the acp4 mutant is 
either expressed at very low levels or is highly unstable. Expressing a ~3.2 kb genomic 
sequence spanning the ACP4 coding region with its native promoter and terminator, 
showed that the wt ACP4 gene complemented all the altered phenotypes in transgenic 
acp4 and ssi2 acp4 plants. Thus, the complemented acp4 and ssi2 acp4 plants showed 
wt-like or ssi2-like phenotypes, respectively (Figure 2.2J and data not shown), and the 
wt-like phenotype segregated with the presence of the transgene in the T2 generation 
(Figure 2.4B). 
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A mutation in ACP4 impairs the ACT1-catalyzed acyltransferase reaction 
FA profiling showed reduced levels of 16:3 in acp4 and ssi2 acp4 plants (Table  2.1, 
Figure 2.5A). This was consistent with the suggested role of ACPs in plastidial FA 
biosynthesis (Browse and Somerville, 1991). Lipid profiling showed that both acp4 and 
ssi2 acp4 plants accumulated significantly reduced amounts of major plastidal lipids 
including monogalactosyldiacylglycerol, digalactosyldiacylglycerol and 
phosphatidylglycerol (Figure 2.5B), further confirming that a mutation in acp4 
compromised the plastidal pathway for lipid biogenesis. This impairment reduced the 
overall lipid content in acp4 and ssi2 acp4 plants, with the latter accumulating the lowest 
amounts  (Figure 2.5C). Based upon the comparable lipid profiles of acp4 and act1 plants 
(Kachroo et al., 2005), and the observation that both act1 and acp4 mutations suppressed 
ssi2-associated phenotypes, it was hypothesized that the acp4 mutation might impair the 
G3P acyltransferase (ACT1)-catalyzed reaction. This was tested by comparing 
phosphatidic acid (PA) levels in act1 and acp4 plants, since plastidial PA synthesis relies 
upon the activity of ACT1 (Kunst et al., 1988). Indeed, act1 plants showed a significant 
reduction in PA levels (Figure 2.5D). Consistent with proposed hypothesis, PA levels in 
acp4 plants were also reduced and only marginally higher compared to those in act1 
plants. Further evidence supporting this hypothesis was obtained by comparing the 
response of acp4, act1 and wt plants to glycerol treatment. Exogenous application of 
glycerol increases the endogenous G3P levels (Aubert et al., 1994; Chanda et al., 2008), 
which in turn quenches 18:1, producing ssi2-like phenotypes in wt plants (Kachroo et al., 
2004; Kachroo et al., 2005). Since act1 plants are impaired in the acylation of G3P with 
18:1 (Kunst et al., 1988), they remain unaffected upon glycerol treatment (Chandra-
Shekara et al., 2007; Kachroo et al., 2004; Kachroo et al., 2005). Consistent with the 
above hypothesis and in contrast to wt plants, exogenous application of glycerol did not 
decrease at 10 mM, or only nominally decreased (at 20 or 50 mM glycerol) 18:1 levels in 
acp4 plants (Figure 2.5E). Exogenous application of glycerol (at 10, 20 and 50 mM) also 
failed to decrease 18:1 levels in act1 plants (Kachroo et al., 2004 ).  The degree of 18:1 
reduction also correlated with PR-1 induction; 50 mM glycerol induced PR-1 to high 
levels in wt plants, very low levels in acp4 plants, but not in act1 plants (Figure 2.5F). 
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Together, these results showed that acp4 plants were partially tolerant to glycerol. This 
suggested that, although the Arabidopsis genome encodes six different ACP proteins 
(Table  2.2 ); 18:1-ACP4 might be the preferred substrate for the ACT1 catalyzed 
reaction. A precedent for this is the fact that different G3P acyltransferases exhibit 
preferences for specific ACP isoforms in spinach (Guerra et al., 1986). Together these 
data suggest that the increased 18:1 levels and associated suppression of ssi2 phenotypes 
in ssi2 acp4 plants is likely due to impaired ACT1 catalysis.  
 
A mutation in ACP5 does not rescue ssi2 phenotypes 
In addition to ACP4, the Arabidopsis thaliana genome encodes five other ACP’s, which 
encode proteins ranging from 123 to 140 amino acids and show high levels of homology 
to each other (Table  2.2 ). The ACP2, ACP3 and ACP5 isoforms showed similar 
transcript levels in leaf, stem, flower and root and their expression in leaves was 
comparable to that of ACP4 (Figure 2.6A). To determine if mutations in other ACP 
isoforms produced an effect similar to that seen in acp4, the SALK insertional database 
was screened and a line containing a homozygous T-DNA insertion was isolated within 
the ACP5 isoform gene. The ACP5 gene is predicted to encode a mature protein of 86 aa 
and the T-DNA was inserted after the the 21st codon. As predicted, genomic or RT-PCR 
using ACP5 gene specific primers did not amplify a product in acp5 plants (Figure 2.5G). 
The acp5 plants showed wt-like morphology and FA profile (Figure 2.6B, Table  2.1). 
The acp5 plant was crossed with ssi2 and acp5 ssi2 plants were obtained. These double 
mutant plants showed ssi2-like morphology (Figure 2.5H), constitutive cell death and 
increased expression of  the PR-1 gene.  A mutation in acp5 did not alter the PA levels 
and the mutant plants also showed wt-like response to exogenous application of glycerol; 
the decline in 18:1 and induction of the PR-1 gene were similar to wt plants (Figure 2.5I). 
Together, these data suggest that the ACP5 isoform does not play a major role in leaf FA 
synthesis and that a mutation in the ACP5 isoform does not affect the ACT1-catalyzed 
step.      
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A mutation in ACP4 compromises SAR 
During analysis of ssi2 acp4 plants, it was noticed that these plants showed unusually 
high susceptibility to an avirulent strain of the bacterial pathogen, Pseudomonas syringae 
(AvrRpt2) (Figure 2.7A). Similarly, acp4 plants also showed enhanced susceptibility to 
virulent as well as avirulent pathogens expressing AvrRpt2 (Figure 2.7B) or AvrRPS4.  
Since structurally divergent R proteins (RPS2 and RPS4, respectively) in the host 
mediate resistance against bacteria expressing AvrRpt2 or AvrRPS4, it appears that a 
requirement for ACP4 in R gene-mediated resistance to avirulent pathogens is 
independent of the R protein structure. I next tested the ability of acp4 plants to induce 
SAR. The plants were first inoculated with MgCl2 or an avirulent strain of P. syringae 
(AvrRpt2) and 48 h later systemic leaves of all plants were challenged with a virulent 
strain of P. syringae (DC3000). The proliferation of virulent bacteria was monitored at 0, 
3 and 6 dpi (days post inoculation). The wt plants, inoculated first with an avirulent 
strain, showed ~10-fold reduced growth of virulent bacteria compared to plants whose 
primary leaves were infiltrated with MgCl2 (Figure 2.7C). In contrast, the acp4 plants 
showed only ~1-1.5-fold reduction in the growth of virulent bacteria at 6 dpi, when pre-
exposed to avirulent bacteria. Similar results were obtained when wt and acp4 plants 
were inoculated with an avirulent stain containing AvrRPS4 followed by infection with 
virulent bacteria  (Figure 2.8A).  
 
This defect in SAR was not due to impairments in SA- or JA-mediated signaling, since 
acp4 plants not only accumulated wt-like levels of SA and JA in response to pathogen 
infection (Figures 2.7D-2.7E), but were also responsive to these phytohormones (Figure 
2.7F and 2.7G). The acp4 plants were also responsive to methyl SA (MeSA) (Figure 
2.7H), which was recently shown to act as a mobile SAR signal in tobacco (Park et al., 
2007). Furthermore, since MeSA is biologically inactive (Seskar et al., 1998), it appears 
that acp4 plants are not impaired in the conversion of MeSA to SA, a reaction essential 
for the onset of SAR in systemic leaves (Park et al., 2007). These results suggest that 
acp4 plants are impaired in their ability to synthesize, transduce or perceive a mobile 
signal that triggers SAR. 
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To test if ACP4 participated in mobile signal generation, I evaluated the response of wt 
and acp4 plants to phloem exudates collected from wt or acp4 petioles. The wt and acp4 
leaves were infiltrated with MgCl2 or P. syringae containing AvrRpt2. Petiole exudates 
collected from the inoculated leaves were injected into the leaves of wt or acp4 plants. 
Petiole exudates from wt and acp4 plants inoculated with P. syringae containing AvrRpt2  
or treated with MgCl2 were infiltrated into wt or acp4 leaves. Systemic leaves of the 
infiltrated plants were then inoculated with virulent pathogen and proliferation of the 
virulent pathogen was monitored at 0 and 3 dpi (Figure 2.7H). As expected, exudates 
collected from wt plants inoculated with avirulent pathogen conferred protection against 
virulent pathogen in wt plants, but not in acp4 plants. Similarly, exudates collected from 
acp4 plants inoculated with avirulent pathogen conferred SAR on wt plants but not on 
acp4 plants. Together, these results suggested that although acp4 plants are competent in 
generating the mobile SAR signal, they are incapable of responding to this signal.  
 
I next tested if pretreatment with SA or JA bolstered the ability of acp4 plants to induce 
SAR. Plants were pretreated with water, SA or JA for 48 h prior to inoculation with 
MgCl2 or avirulent bacteria and 48 h later systemic leaves of all plants were challenged 
with a virulent strain of P. syringae. Pretreatment with JA showed no improvement in 
SAR response in acp4 plants (Figure 2.8B). In comparison, pretreatment with SA showed 
nominal improvement in SAR, although the pathogen growth in SA-treated acp4 plants 
was higher compared to water-treated wt plants (Figure 2.7I). Pretreatment of only the 
primary leaf with SA did not improve the SAR response in acp4 plants. Together, these 
results suggest that the prior induction of SA-mediated defenses can partially compensate 
for an impaired cuticle during SAR. 
 
The acp4 plants are impaired in cuticular wax and cutin formation 
Examination of leaf morphology of acp4 plants revealed chlorotic patches that showed 
increased prominence in older leaves. To test if the altered leaf phenotype of acp4 plants 
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was due to a defect in the cuticle, which forms the outermost structure of the leaves 
(Samuels et al., 2008), wt and acp4 leaves were stained with toluidine blue, a hydrophilic 
dye that only penetrates leaves with permeable cuticles (Tanaka et al., 2004). Toluidine 
blue rapidly penetrated acp4 leaves, staining these blue, suggesting cuticular permeability 
(Figure 2.9A). This was further supported by the rapid leaching of chlorophyll  in 80% 
ethanol from acp4 leaves (Figure 2.9B). Likewise, acp4 leaves lost more water when 
subjected to drought stress.  
 
To confirm that the cuticle is indeed impaired in acp4 leaves, the outermost cell wall of 
the epidermis was analyzed by transmission electron microscopy (TEM). As expected, 
the cuticle of the wild-type leaf appeared as a continuous and regular electron-dense 
osmiophilic layer outside the cell wall (Figure 2.9C, marked by a red arrow). In 
comparison, the acp4 mutant showed an electron-opaque cuticle. The electron-opaque 
regions were also observed underneath the cuticle and within the outermost layer of the 
cell wall (Figure 2.9C, marked by black arrows). Comparison of the scanning electron 
micrographs (SEM) of wt and acp4 leaf surfaces showed that both adaxial and abaxial 
surfaces of acp4 leaves were stretched and ruptured (Figure 2.9D).  
 
To determine if the apparent defect in cuticle structure was associated with alterations in 
the content and/or composition of cuticular waxes or cutin polyester monomers, I 
compared levels of waxes and cutin monomers between wt and acp4 leaves in 
collaboration with Dr. Keshun Yu . The acp4 leaves showed reduced levels of FA, 
alkanes and primary alcohols compared to wt plants (Figure 2.9E). Similarly, the acp4 
leaves also showed an ~55% overall decrease in cutin aliphatic monomer content (Figure 
2.9F). The decrease was more pronounced in two major monomers [16:0- and 18:2-
dicarboxylic acids (DCA)]. Taken together, these results show that ACP4 is essential for 
the biosynthesis of the cuticular wax and cutin polymers in leaves.  
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SEM of the surface of wt and acp4 stems was compared to determine if ACP4 was also 
required for epicuticular wax crystalloid formation (Figure 2.6D). The structure and the 
density of the wax crystalloids on acp4 were similar to that seen on the wt stems, 
suggesting that the acp4 mutation did not impair stem cuticle. This was further 
corroborated by toluidine blue staining and FA analysis; no significant differences were 
observed between wt and acp4 stems (Table 2.1). Furthermore, FA analysis of seed, 
silique, root and flower tissues from acp4 plants showed wt-like profiles. Together, these 
data suggest that the acp4 plants are specifically defective in the leaf cuticle.  
 
To determine if a defect in cuticle correlated with cell-type-specific expression of ACP4 
in the leaf tissue, transgenic lines expressing an β-glucuronidase (GUS) reporter gene 
under the control of ACP4 promoter were generated. GUS activity was detected through 
out the leaf, although maximum activity was detected in vascular tissues and trichomes 
(Qingming Gao and Aardra Kachroo personal communication; Xia et al., 2009). This 
result suggests that ACP4 functions are likely not restricted to the synthesis of cuticular 
components in the epidermal layer and that ACP4 is likely involved in general FA and 
lipid synthesis, which is highest in the leaf mesophyll tissues. The GUS activity also 
correlated with ACP4 expression in various tissues; leaf, stem and flower tissues showed 
high ACP4 transcript and GUS activity but roots showed very low transcript levels and 
no GUS activity (Figures 2.6A, 2.6C –these pictures were taken by Qingming Gao).  
 
Mutations in lacs2, lacs9, cer1, cer3 (wax2), cer4 impair SAR 
To test the possibility that an intact cuticle was essential for SAR signal perception, I 
examined the SAR response in mutants known (lacs2, Schnurr et al., 2004 ), or likely 
(lacs9; Schnurr et al., 2002) to have defective cuticles. The LACS-encoded acyl CoA 
synthetases are enzymes synthesizing the CoA ester formation of fatty acids (Browse and 
Somerville, 1991; Schnurr et al., 2004). Although the Arabidopsis genome encodes nine 
LACS isoforms (Shockey et al., 2002), only LACS2 has been associated with cutin 
formation (Schnurr et al., 2004). The lacs2 mutant was previously reported to show 
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pronounced susceptibility to virulent and avirulent strains of Pseudomonas (Tang et al., 
2007). Since the LACS9 gene is involved in the export of FAs, similar to LACS2 (Schnurr 
et al., 2002; Schnurr et al., 2004), it was hypothesized that lacs9 too might participate in 
cuticle formation. Indeed, both lacs2-1 and lacs9-1 leaves showed reduced levels of FAs 
compared to wt plants (Figure 2.10A). Furthermore, similar to lacs2, lacs9 mutants 
stained intensely with toluidine blue (Figure 2.11A), leached chlorophyll rapidly (Figure 
2.11B), and lost more water upon drought stress (data not shown). These data suggested 
that, like lacs2, a mutation in lacs9 also altered cuticular permeability. Both lacs2 and 
lacs9 plants supported increased growth of virulent and avirulent Pseudomonas strains 
(Figure 2.11C, Figure 2.10B and data not shown for avirulent strain). Notably, not only 
were lacs2 and lacs9 plants impaired in their abilities to induce SAR, but their reduced 
SAR capabilities were only marginally better than tat of, the SAR impaired, npr1 mutant 
(Cao et al., 1994). 
 
Next, SAR was analyzed in cer1-1, cer3-1 (wax2), cer4-1 mutants, which participate in 
different steps leading to the biosynthesis of cuticular wax (Samuels et al., 2008). As 
expected, leaves from all three cer mutants stained intensely with toluidine blue (Figure 
2.11A). Control leaves (Ler ecotype) infiltrated with MgCl2 supported more growth of 
the secondary virulent pathogen than the plants that were pre-infected with an avirulent 
strain, indicating the appropriate induction of SAR (Figure 2.11D). In comparison, leaves 
from cer plants infiltrated either with avirulent pathogen or MgCl2 showed similar growth 
of virulent pathogen. Thus, similar to lacs2 and lacs9 plants, all three cer mutants tested 
here showed compromised SAR.  
 
Impaired fatty acid flux in act1 plants confers enhanced susceptibility but does not 
affect  SAR 
A mutation in acp4 also reduces the flux of FAs through the plastidal pathway (Figure 
2.1), in addition to affecting cuticle formation. Previous studies on the gly1 mutant have 
associated a defect in the plastidal FA pathway with the inability to induce SAR (Nandi 
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et al., 2004; Chaturvedi et al., 2008). To determine if a defective plastidal FA 
biosynthetic pathway in acp4 plants also contributes to their inability to induce SAR, I 
assessed SAR induction in act1 plants. This was done because a mutation in act1 
severely hinders plastidal FA and lipid biosynthesis (Chanda et al., 2008; Kachroo et al., 
2005; Kunst et al., 1988), the GLY1-catalyzed synthesis of G3P serves as a substrate for 
ACT1 (Kachroo et al., 2004; Kachroo et al., 2005; Kunst et al., 1988), and a mutation in 
acp4 impairs plastidal FA synthesis by affecting the ACT1-catalyzed reaction. In contrast 
to gly1, act1 plants were fully capable of inducing SAR, suggesting that it was not the 
defect in the plastidal FA pathway that hindered the onset of SAR in acp4. 
 
Discussion 
The plant cuticle is primarily viewed as a physical barrier that protects plants from its 
environment. Recent evidence suggests that the composition of the cuticle affects stomata 
and trichome development and in addition plays a role in organ fusions (reviewed in Bird 
and Gray, 2003). For example, the epidermal fusion phenotype of the fdh mutant has 
been suggested to be due to a change in the permeability of the cuticle (Lolle et al., 
1997). Similarly, diffusion of an unknown inhibitor of guard cells through the stomata 
has been proposed to control development of stomata (Bird and Gray, 2003). The lipids 
present in the outermost layer of pollen grains and the cuticle on the epidermal surface 
are also suggested to play a direct role in the regulation of water transfer between the 
pollen grain and stigma surface (Lolle and Pruitt, 1999). More recently, cutin has been 
associated with basal resistance to necrotrophic pathogens. Both lacs2 and gpat4 gpat8 
plants are defective in cutin content but while lacs2 plants show enhanced resistance to 
Botrytis (Bessire et al., 2007; Tang et al., 2007), gpat4 gpat8 plants are susceptible to 
Alternaria  (Li et al., 2007). These observations together with findings discussed in this 
chapter implicate the cuticle in a more active signaling role in plant defense. Systemic 
immunity in plants not only requires the proper generation and transmission of a signal at 
the site of primary infection but also depends upon its reception and decoding in the 
distal tissues. This study demonstrates that the cuticle or a derived component in the 
distal tissues is required for this perception of the mobile SAR signal. A mutation in 
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ACP4, a critical component of FA biosynthesis, impairs SAR because it affects cuticle 
formation in the leaf.  
 
The requirement of an intact cuticle for the proper onset of SAR is further reinforced by 
the observations that genetic mutations (lacs2, lacs9, cer1, cer3 and cer4) resulting in 
defective cuticle impair SAR.  
 
Wt plants infiltrated with petiole exudates from Avr-infected acp4 leaves induced 
expression of the SAR marker PR-1. However, exudates from Avr-infected wt plants 
failed to induce PR-1 in acp4 plants. Furthermore, exudates from Avr-infected wt or acp4 
plants induced SAR in wt but not in acp4 plants (Qingming Gao and Aardra Kachroo 
personal communication; Xia et al., 2009). These data suggest that a cuticle/-derived 
component is essential for perception of the mobile signal. However, a role for ACP4-
derived factor in mobile signal generation cannot be altogether ruled out since SAR 
induced in response to exudates from Avr-infected acp4 plants was not exactly 
comparable to that from wt plants. 
 
A mutation in acp4 impairs the ACT1-catalyzed acylation of G3P resulting in impaired 
plastidal lipid biosynthesis. Yet, the acp4 mutation restored wt-like levels of 18:1 in ssi2 
plants, suggesting that 18:1-ACP4 might serve as the preferred substrate for ACT1.  
Indeed, with the exception of their cuticles, acp4 and act1 plants exhibit comparable 
phenotypes; mutations in these genes reduce PA levels, confer tolerance to glycerol, 
impair plastidal lipid synthesis and restore ssi2 phenotypes. Since act1 plants are only 
defective in plastidal lipid biosynthesis and not de novo FA synthesis, they contain wt 
levels of 16:0, unlike acp4 plants, which are reduced in 16:0 content. This suggests that 
the cuticular defect in acp4 plants may be related to their reduced 16:0 levels. Indeed, 
16:0 and 18:0 FAs serve as precursors for the synthesis of very long chain FAs, which in 
turn contribute to the synthesis of long chain aliphatic compounds, the major components 
of cuticular wax (Samuels et al., 2008). In addition to serving as precursors for 
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glycerolipid synthesis, short chain FA’s produced in plastids also act as precursors for the 
synthesis of hydroxy FA’s (Figure 2.1), which form major components of the cutin 
polyester. Thus, reduced overall FA flux in acp4 plants is likely responsible for their 
defective cuticle.  
 
The observation that acp4 plants are only defective in leaf FA content and cuticlar wax, 
and not those of the stem, presents the possibility that different ACP isoforms in 
Arabidopsis might serve in FA biosynthesis in specific tissues. This tissue-specific 
preference for different isozymes is reinforced by the observation that a knockout 
mutation in the related isoform ACP5 does not result in defects in FA or leaf cuticle and 
consequently these plants are not affected in the levels of the ACT1-generated PA(Figure 
2.1) or SAR. This and the fact that acyl-ACP desaturases in coriander and Thunbergia 
alta require specific ACP isoforms for optimal activity (Suh et al., 1999), underscore the 
preferential recruitment of specific ACPs by different FA biosynthetic enzymes.   
 
Notably, acp4, lacs2 and lacs9 plants also showed enhanced susceptibility to virulent and 
avirulent pathogens. One common phenotype shared between acp4, lacs2 and lacs9 
mutants is that they are all compromised in FA/ lipid flux (Figure 2.10A; Kachroo et al., 
2004; Kachroo et al., 2005). Since FA/lipids serve as an important energy reserve 
(Somerville and Browse, 1991) and because defense to pathogen is an energy demanding 
process (Heidel et al., 2004; Heil and Baldwin, 2002), it is plausible that the reduced 
FA/lipid turnover rate in acp4, lacs2, lacs9 plants make them more vulnerable to 
virulent/avirulent pathogens. Alternately, a combination of FA/lipid flux, cuticle or other 
unknown factors may contribute to basal and R gene-mediated resistance to avirulent 
pathogens. Further biochemical characterization will help unravel the specific role(s) of 
cuticular components in pathogen resistance and systemic immunity. 
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Figure 2.1. 
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Figure 2.1. An Abbreviated scheme for wax and cutin biosynthesis. De novo fatty 
acid (FA) synthesis occurs exclusively in the plastids of all plant cells and leads to the 
synthesis of palmitic acid (16:0)-acyl carrier protein (ACP), stearic acid (18:0)-ACP and 
oleic acid (18:1)-ACP. These FAs enter glycerolipid synthesis either via the prokaryotic 
pathway in the inner envelope of chloroplasts or are exported out of plastids as CoA 
thioesters to enter the eukaryotic glycerolipid synthesis pathway. Desaturation of stearic 
acid (18:0)-ACP to 18:1-ACP catalyzed by the SSI2/FAB2-encoded stearoyl-ACP 
desaturase, is one of the key steps in the FA biosynthesis pathway that regulates levels of 
unsaturated FAs in the cell. The 18:1-ACP generated in this reaction enters the 
prokaryotic pathway through acylation of glycerol-3-phosphate (G3P) and this reaction is 
catalyzed by the ACT1-encoded G3P acyltransferase. G3P can be made via a cytosolic 
enzyme, glycerol kinase (GK), or via G3P dehydrogenase (G3Pdh, encoded by GLY1). 
Desaturation of 18:1 to 18:2 and 18:2 to 18:3 on membrane glycerolipids (GL) is 
catalyzed by FAD6 and FAD7/ FAD8-encoded desaturases, respectively, that are present 
on the plastid envelope. Esterification of the CoA group is mediated by acyl-CoA 
synthetase (ACS). The C16 and C18 acyl-CoAs enter a membrane-associated pathway 
and are modified by a series of cytoplasmic enzymes called elongases that use malonyl-
CoA as the two-carbon donor. The fatty acid elongases, mutienzye complexes, reside on 
the endoplasmic reticulum membrane. The very long chain-CoA chains are subsequently 
converted to aliphatic esters, primary alcohols, alkanes or aldehydes by one of two wax 
biosynthetic pathways. The CER4 encodes FA-CoA reductase and a mutation in cer4 
leads to a major decreases in primary alcohols and wax esters. A second branch of the 
wax biosynthetic pathway is responsible for formation of alkanes, secondary alcohols and 
ketones. CER1- and CER3- encoded products are likely to participate in this pathway. 
However, thus far, attempts to characterize their products have not been successful. 
CER1 likely encodes a decarbonylase and is involved in alkane formation, whereas CER3 
(WAX2) encodes a protein of unknown function. In comparison to cuticular wax 
biosynthesis, monomers of cutin are synthesized from C16:0 and C18:1 FAs. The ω-
hydroxylation of C16:0 and C18:1 is catalyzed by a P450 monooxygenase  encoded by 
LCR (LACERATA; Wellesen et al., 2001) and ATT1 (Aberrant induction of Type Three 
genes; Xiao et al., 2004). LACS2-encoded acyl-CoA synthetase may either be required to 
synthesize 16-hydroxy 16:0-CoA, a substrate for ω-hydroxylase, or required for 
 20 
membrane transfer of cutin monomers. Details of the pathways leading to cutin synthesis 
still remain unclear (Pollard et al., 2008). Symbols for various components are: CoA, 
coenzyme A; Lyso-PA, acyl-G3P; PA, phosphatidic acid; PG, phosphatidylglycerol; 
MGDG, monogalactosyldiacylglycerol; DGDG, digalactosyldiacylglycerol; SL, 
sulfolipid; DAG, diacylglycerol; DHAP, dihydroxyacetone phosphate. 
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Figure 2.2. 
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Figure 2.2. Effect of the acp4 mutation on ssi2 and wild-type plants. A. 
Morphological phenotype of three-week-old ssi2 ACP4 and ssi2 acp4 plants (scale, 0.5 
cm). B. Microscopy of trypan blue-stained leaves (scale bars, 270 microns). Arrow 
indicates dead cells. C. RT-PCR analysis showing different expression levels of indicated 
R genes. D. RNA gel blot showing transript levels of the PR-1 gene. E. SA and SAG 
levels in leaves of indicated different genotypes. F. RNA gel blot showing levels of 
PDF1.2 in plants treated with JA for 48 h. G. Structure of the ACP4 gene showing the 
location of T-DNA insertion. Lines indicate exons and inverted open triangles indicate 
introns. RB and LB indicate right and left borders of T-DNA, respectively. F and R 
indicate forward and reverse primer sites used for PCR. H. Genomic DNA PCR using 
ACP4 gene-specific primers shown in G. I. RNA gel blot showing transcript levels of 
ACP4 gene. J. Morphological phenotype of three-week-old ACP4, acp4 or 
complemented acp4 (acp4::ACP4) plants (scale bars, 1 cm).  
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Figure 2.3. Relative expression levels of R genes in wt (Nössen), ssi2 and ssi2 acp4 
plants. The amplified products were quantified using ImageQuant TL image analysis 
software (GE, USA) 
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Figure 2.4. Southern blot and segregation analysis of acp4 plants. A. DNA gel blot 
analysis showing hybridization of BAR1 (the gene contained in the vector) to DraI- 
digested genomic DNA from ACP4, ssi2 acp4 and acp4 plants. B.  Segregation of the 
ACP4 transgene in acp4 plants transformed with wt genomic copy of ACP4. The T2 
plants segregated for the transgene in a ~3 (containing transgene) : 1 (without transgene) 
manner and only plants containing the transgene showed wt morphology. F: forward 
primer; R:reverse primer; RB: T-DNAright border primer; LB: T-DNA left border 
primer. 
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Figure 2.5. 
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Figure 2.5. FA, Lipid profile, phosphatidic acid levels, glycerol-induced decrease in 
18:1 levels, PR-1 gene expression and analysis of acp5 plants. A. Levels of FAs in 
four-week-old ACP4 (Nössen) or acp4 leaves. The error bars represent SD. Asterisks 
denote a significant difference with wt (t test, P<0.05). FW indicates fresh weight. B. 
Profile of total lipids extracted from wild-type (SSI2 ACP4), ssi2, acp4 and ssi2 acp4 
plants. The values are presented as a mean of 5 replicates. The error bars represent SD. 
Symbols for various components are: DGD, digalactosyldiacylglycerol; MGD, 
monogalactosyldiacylglycerol; PG, phosphatidylglycerol; PC, phosphatidylcholine; PE, 
phosphatidylethaloamine; PI, phosphatidylinositol; PS, phosphatidylserine. C. Total lipid 
levels in indicated genotypes. DW indicates dry weight. D. Phosphatidic (PA) levels in 
indicated genotypes. Asterisks denote a significant difference from wt (t test, P<0.05). E. 
18:1 levels in ACP4 or acp4 plants treated with indicated concentrations of glycerol. F. 
RNA gel blot showing transcript levels of PR-1 gene in indicated genotypes 72 h after 
water or 50 mM glycerol treatments. G. RT-PCR analysis showing ACP5 transcript 
levels. F: forward primer; R:reverse primer.H. Morphological phenotypes of four-week-
old ssi2 and ssi2 acp5 plants (scale bar, 0.5 cm). I. RNA gel blot showing transcript 
levels of PR-1 gene in indicated genotypes 72 h after water or 50 mM glycerol 
treatments. 
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Figure 2.6. Expression levels of various ACP isoforms, morphological phenotype of 
acp5 knockout plants, GUS histochemical staining and epicuticular wax crystalloids 
on acp4 stems. A. Tissue expression of the Arabidopsis ACP family in wt and acp4 
plants. RT-PCR analysis of RNA extracted from leaf, stem, root, and flower tissues of 
Col-0 plants using gene-specific primers for ACP1-5 and ACPmito. The level of β-
tubulin was used as an internal control for the amount of cDNA template. B. 
Morphological phenotypes of four-week-old ACP5 and acp5 plants. C. GUS 
histochemical staining of various tissues from ACP4 promoter-GUS transgenic line. D. 
Scanning electron micrographs showing epicuticular wax crystalloids on the surface of 
wt or acp4 stems (scale bars, 20 µM). 
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Figure 2.7. 
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Figure 2.7. 
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Figure 2.7. Pathogen resistance, pathogen-induced SA and JA levels and SA, JA 
responsiveness. A. Growth of avirulent P. syringae on leaves from indicated genotypes. 
B. Growth of virulent or avirulent (AvrRpt2) P. syringae strains on ACP4 or acp4 leaves. 
C. SAR in ACP4 or acp4 plants. D. SA and SAG levels in mock (MgCl2) or pathogen-
inoculated primary (Avr-P) or systemic (Avr-S) leaves 48h after inoculation with 
avirulent pathogen. E. JA levels in mock- or pathogen-inoculated systemic leaves (Avr-
S) 6h after inoculation with avirulent pathogen. F. RNA gel blot showing transcript levels 
of PR-1 gene in plants treated with water or SA for 48 h. G. RNA gel blot showing 
transcript levels of PR-1 in plants treated with water or JA for 48 h. H. SAR response in 
wt (ACP4) and acp4 plants infiltrated with exudates collected from wt or acp4 plants that 
were treated either with MgCl2 or AvrRpt2. I. SAR in ACP4 or acp4 plants treated with 
water (solid lines) or SA (dashed lines) for 48 h prior to inoculation.  Primary leaves were 
inoculated with MgCl2 (not shown in the figure) or P. syringae containing AvrRpt2 and 
the systemic leaves were inoculated with a virulent strain of P. syringae. 
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Figure 2.8. SAR ( systemic acquired resistance) and responsiveness of acp4 plants to 
JA. A. SAR in ACP4 or acp4 plants. Primary leaves were inoculated with MgCl2 solution 
(solid lines) or P. syringae containing AvrRps4 (dashed lines) and the systemic leaves 
were inoculated with a virulent strain of P. syringae. B. SAR in ACP4 or acp4 plants 
treated with water or JA for 48 h prior to inoculation. Primary leaves were inoculated 
with MgCl2 solution (solid lines) or P. syringae containing AvrRpt2 (dashed lines) and 
the systemic leaves were inoculated with a virulent strain of P. syringae.  
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Figure 2.9. 
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Figure 2.9. 
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Figure 2.9. Evaluation of cuticle-associated phenotypes in acp4 plants. A. Toluidine 
blue stained leaves from four-week-old leaves of ACP4 or acp4 plants. B. A time-course 
measurement of chlorophyll leaching in ACP4 and acp4 leaves at indicated times. C. 
Transmission electron micrographs showing cuticle layer on adaxial surface of wt or 
acp4 leaves. Red arrow indicates cuticle. Black arrows indicate electron-opaque regions 
below cuticle layer (scale bars, 50 nm). D. Scanning electron micrographs showing 
adaxial surface of ACP4 or acp4 leaves (scale bars, 200 µM). E. Analysis of wax 
components from leaves of four-week old wt (ACP4) and acp4 plants; 16:0-24:0 are FAs, 
C25-C33 are alkanes, C26-OH-C30-OH are primary alcohols. F. Analysis of lipid 
polyester monomer content of four-week-old ACP4 and acp4 plants. Error bars in E and 
F represent SD. Asterisks in E and F denote a significant difference with wt (t test, 
P<0.05). Symbols for various components are: 16:0-DCA, 1,16-hexadecane dioic acid; 
16-OH-16:0,16-hydroxyhexadecanoicacid;10,16-OH-16:0,10,16-dihydroxy hexadecanoic 
acid; 18:0-DCA, 1,18-octadecane dioic acid; 18:1-DCA, 1,18-octadecene dioic acid; 18:-
OH-18:1, 18-hydroxyoctadecenoic acid, 18:2-DCA, 1,18-octadecadiene dioic acid; 18-
OH-18:2, 18-hydroxyoctadecadienoic acid; 18-OH-18:3, 18-hydroxyoctadecatrienoic 
acid. 
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Figure 2.10. Relative FA levels and SAR response in lacs2 and lacs9 plants. A. 
Relative levels of FAs in four-week-old Col-0, lacs2 or lacs9 leaves. The values are 
presented as a mean of 6-8 replicates. The error bars represent SD. B. SAR in indicated 
genotypes. Primary leaves were treated with MgCl2 solution (solid lines) or P. syringae 
containing AvrRPS4 (dashed lines) and the systemic leaves were inoculated with a 
virulent strain of P. syringae and the leaf disks were taken for plating and conting the 
colonies growth.  
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Figure 2.11. Evaluation of SAR in lacs2-1, lacs9-1, cer1-1, cer3-1 and cer4-1 plants. 
A. Toluidine blue-stained leaves from indicated genotypes. B. A time-course 
measurement of chlorophyll leaching in various genotypes at indicated times. C &D. 
SAR response in indicated genotypes.  
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SE:standard error. 
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Table 2.2 The Arabidopsis acyl-carrier-protein family. 
 
 
 
 
 
 
 
 
 
 
 
 
a Length of the pre-processed protein is indicated as number of amino acids 
(a.a.).  
b Molecular weight of mature polypeptide. 
c Length of the N-terminal transit peptide (TP). 
d Predictions based on Target P. 
         
 
Designation 
Locus Lengtha  
(a.a) 
MW b   
(kDa) 
TP c 
 (a.a) 
Localization d 
ACP1 At3g05020 138 15.06 53 Chloroplast  
ACP2 At1g54580 137 14.53 51 Chloroplast   
ACP3 At1g54630 137 14.65 51 Chloroplast   
ACP4 At4g25050 138 14.54 48 Chloroplast 
ACP5 At5g27200 140 15.3 54 Chloroplast 
MtACP At2g44620 123 13.72 34 Mitochondria  
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CHAPTER 3 
 
THE GLABRA MUTATION AFFECTS CUTICLE FORMATION AND PLANT 
RESPONSES TO MICROBES 
 
Summary 
Systemic acquired resistance (SAR) is initiated upon recognition of specific microbial 
effectors by cognate plant resistance proteins and immunizes distal tissues of plants 
against secondary infections. However, the molecular mechanism(s) underlying SAR 
remain largely unknown. In this study, we show that Glabra (GL) 1, a gene well known 
for its role in trichome differentiation, is required for SAR. Although mutation in GL1 
affected pathogen-induced accumulation of salicylic acid (SA) and jasmonic acid (JA), 
the impaired SAR in GL1 was related to presence of an abnormal cuticle on gl1 plants. 
Besides GL1, other mutations in Glabrous3 (GL3) and Transparent Testa Glabra 1 
(TTG1), which affect trichome formation, also resulted in abnormal cuticle and a 
defective SAR. Together, these data show that factors contributing to trichome 
development participate in cuticle formation and thereby SAR. A compensatory effect of 
exogenous gibberellic acid (GA) on gl1 plants, but not by SA or JA, suggests that GA 
participates in resistance to a bacterial pathogen by increasing cuticular carbon flux. We 
further show that a defect in fatty acid/ lipid flux impairs SAR only when it impairs 
normal development of cuticle. 
 
Introduction 
Plants have evolved various defense mechanisms to resist infection by pathogens. Upon 
recognition, the host plant initiates one or more signal transduction pathways that activate 
various plant defenses, and thereby prevent pathogen colonization.  In many cases, 
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resistance is associated with increased expression of defense genes, including the 
pathogenesis-related (PR) genes and the accumulation of salicylic acid (SA) in the 
inoculated leaf. Induction of these responses is accompanied by localized cell death at the 
site of pathogen entry, which can often restrict the spread of pathogen to cells within and 
immediately surrounding the lesions. This phenomenon, known as the hypersensitive 
response (HR), is one of the earliest visible manifestations of induced defense response 
and resembles programmed cell death in animals (Dangl et al., 1996; Gray, 2002; 
Greenberg et al., 1994; Feys and Parker, 2000; Glazebrook, 2005; Kachroo and Kachroo, 
2006; Thomma et al., 2001). Concurrent with HR development, defense reactions are 
triggered in sites both local and distal from the primary infection. This phenomenon, 
known as systemic acquired resistance (SAR), is accompanied by a local and systemic 
increase in SA and jasmonic acid (JA) and a concomitant upregulation of a large set of 
defense genes (Dong, 2004; Durrant and Dong, 2004; Ryals et al., 1996; Truman et al., 
2007).  
 
SAR involves the generation of a mobile signal in the primary leaves which, upon 
translocation to the distal tissues activates defense responses resulting in broad-spectrum 
resistance. The production of the mobile signal takes places within 3-6 h of avirulent 
pathogen inoculation in the primary leaves (Smith-Becker et al., 1998) and the inoculated 
leaf must remain attached for at least 4 h after inoculation for immunity to be induced in 
the systemic tissues (Rasmussen et al., 1991). Mutations compromising SA synthesis or 
impairing SA, JA, or auxin signaling abolish SAR (Durrant and Dong, 2004; Truman et 
al., 2007; Truman et al., 2009). SAR is also dependent on the SA-binding protein 2 
(SABP2)-catalyzed conversion of methyl SA to SA in the distal tissues (Kumar and 
Klessig, 2003). Recent studies have suggested that methyl SA is the mobile signal 
required to initiate SAR in distal tissues in tobacco (Park et al., 2007). However, ability 
to produce methyl SA does not appear to coincide with SAR in several Arabidopsis 
mutants (Attaran et al., 2009). Furthermore, the time point of requirement of SABP2 
activity (between 48-72h post-inoculation, Park et al., 2009) does not coincide with the 
early generation and/or translocation of the mobile signal into distal tissues (within 6 h 
post-inoculation). 
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Mutations in acp4, lacs2, or lacs9 also compromise SAR (Xia et al., 2009). Detailed 
characterization has shown that the SAR defect in acp4, lacs2, and lacs9 mutants 
correlates with their defective cuticles. Analysis of the SAR response in acp4 plants has 
shown that these plants can generate the mobile signal required for inducing SAR, but are 
unable to respond to it. It is likely their defective cuticle impairs their ability to perceive 
the SAR signal, because mechanical abrasion of cuticles disrupts SAR in wild-type (wt) 
plants (Xia et al., 2009). This SAR-disruptive effect of cuticle abrasion is highly specific 
because it does not alter local defenses and hinders SAR only during the time frame of 
mobile signal generation and translocation to distal tissues.  
 
SAR is also compromised in plants that contain a mutation in glycerol-3-phosphate (G3P) 
dehydrogenase (G3Pdh; NandIet al., 2004). The G3Pdh (GLY1) reduces 
dihydroxyacetone phosphate to generate G3P, an obligatory component and precursor for 
the biosynthesis of all plant glycerolipids. Consequently, a mutation in GLY1 results in 
reduced carbon flux through the prokaryotic pathway of lipid biosynthesis, which leads to 
a reduction in the hexadecatrienoic (16:3) fatty acids (FA) (Kachroo et al., 2004; Miquel 
et al., 1998). Carbon flux and SAR are also impaired in plants containing mutations in 
FAD (Fatty Acid Desaturase) 7 and MGD (Mono Galactosyl Diacylglycerol Synthase) 1 
(Chaturvedi et al., 2009). The FAD7 enzyme desaturates 16:2 and 18:2 FA species 
present on plastidial lipids to 16:3 and 18:3, respectively, and consequently the fad7 
mutant plants accumulate significantly reduced levels of trienoic FAs (16:6 and 18:3). 
The MGD1 enzyme transfers a galactosyl residue from UDP-Gal to diacylglycerol to 
initiate galactolipid biosynthesis, which forms a major constituent of plastidial membrane 
lipids. Compromised SAR in mutants affected in certain plastidial FA/lipid pathways has 
prompted the suggestion that plastidial FA/lipids participate in SAR (Chaturvedi et al., 
2009). Such a tempting conclusion is also favored by the fact that SAR requires the DIR-
encoded non-specific lipid transfer protein, which is required for generation and/or 
translocation of the mobile signal (Maldonado et al., 2002).  
This study was undertaken to reexamine the role of the FA/lipid pathways in SAR and to 
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determine the nature of the FA/lipid species mediating SAR in fad7 plants. Our results 
show that impaired FA/lipid flux is not associated with compromised SAR in fad7 plants, 
but, rather, an abnormal cuticle, which is the result of a non-allelic mutation in the GL 
(Glabra) 1 gene. Besides GL1, other mutations affecting trichome formation also 
compromised cuticle and thereby SAR. A compensatory effect of exogenous gibberellic 
acid on gl1 plants suggests that GA might participate in resistance to bacterial pathogen 
by restoring cuticle formation.  
 
Results 
SAR is compromised in the fad7-1 plants but not in other fad mutants 
To determine which, if any, of the desaturated FA species contributed to SAR, I first 
evaluated SAR in all fad mutants that are defective in the desaturation of various FA 
species present on plastidal or extraplastidial membrane lipids (see Figure 3.1 for the 
respective FAD-catalyzed activities). The fad2, fad3, fad4, fad5, fad6, and fad7-1 
mutants were first inoculated with avirulent bacteria (AvrRpt2) or treated with MgCl2 
followed by second inoculation with virulent bacteria on distal tissues at 48 h post 
primary inoculation. The growth of the virulent bacteria was monitored at 0, 3, and 6 
days post inoculation (dpi) (Figure 3.2). As expected, MgCl2-infiltrated leaves of wt 
(Col-0 ecotype) plants supported more growth of the secondary virulent pathogen than 
the plants that were pre-infected with the AvrRpt2 strain, indicating appropriate induction 
of SAR (Figure 3.2). Similar to wt plants, the fad2, fad3, fad4, fad5, and fad6 plants also 
showed induction of SAR. In agreement with a previous report (Chaturvediet al., 2009), 
the fad7-1 mutant plants showed compromised SAR; plants infiltrated with MgCl2 or 
AvrRpt2 bacteria were equally susceptible to the secondary virulent bacteria in the distal 
tissues. Together, these data suggested that the FAD7-catalyzed desaturation of 18:2 to 
18:3 on plastidial membrane lipids might be important for the proper induction of SAR. 
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fad7-1 plants are compromised in the pathogen-induced accumulation of SA 
Since SA plays a critical role in SAR, I first tested if the fad7-1 mutant plants were 
competent in pathogen responsive accumulation of SA. SA levels in wt and fad7-1 plants 
were determined before and after inoculation of P. syringae containing AvrRpt2 (Figure 
3.3A). As expected, wt plants inoculated with avirulent pathogen showed a significant 
increase in both free SA and SA glucoside (SAG) in their primary as well as systemic 
tissues. Although the fad7-1 plants also showed an increase in SA and SAG levels in the 
primary tissues, levels of SA/SAG were significantly lower in their distal leaves in 
comparison to wt plants. Thus, impaired SAR in fad7-1 plants should be correlated with 
their inability to accumulate SA in the distal tissues. To confirm this, the effect of 
exogenously supplied SA on SAR in fad7-1 plants was tested. The wt and fad7-1 leaves 
were infiltrated with MgCl2 (mock) or AvrRpt2 bacteria. Vascular exudates collected 
from these infiltrated leaves were mixed with water or the SA analog BTH 
(benzo(1,2,3)thiadiazole-7-carbothioic acid)  and injected into the leaves of a fresh set of 
wt and fad7-1 plants. The distal leaves of this second set of plants were then inoculated 
with virulent bacteria and proliferation of the virulent bacteria monitored at 0 and 3 dpi 
(Figure 3.3B). Notably, BTH-containing exudate from MgCl2-infiltrated Col-0 plants 
conferred SAR on Col-0 plants but not on fad7-1 plants. In comparison, the BTH 
containing exudate from MgCl2-infiltrated fad7-1 was unable to confer SAR on either 
Col-0 or fad7-1 plants. Interestingly, the exudate from AvrRpt2-infiltrated fad7-1 plants 
conferred SAR on Col-0 plants but not on fad7-1 plants. The BTH-containing exudate 
from AvrRpt2-infiltrated Col-0 or fad7-1 plants produced enhanced SAR on Col-0, 
suggesting that exogenous BTH had an additive effect on SAR. Together, these results 
suggested that exogenously supplied BTH was unable to restore the defective SAR in 
fad7-1 plants. 
 
To determine if pre-treatment of the whole plant with BTH restored SAR in fad7-1 
plants, Col-0 and fad7-1 plants were treated with BTH for two consecutive days followed 
by inoculation of primary leaves with MgCl2 (mock) or AvrRpt2 bacteria. The virulent 
bacteria were then infiltrated into the distal leaves 48 h after primary infiltration with 
MgCl2 and AvrRpt2, and the growth of virulent bacteria monitored at 3 and 6 dpi.  Whole 
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plant application of BTH conferred enhanced resistance to the virulent pathogen in both 
wt as well as fad7-1 plants. However, the BTH-treated fad7-1 plants continued to support 
higher growth of virulent bacteria compared to BTH-treated Col-0, suggesting that BTH 
application on fad7-1 plants enhanced resistance but not to wt-like levels (Figure 3.3C). 
To determine if this was due to a partial insensitivity to BTH, the levels of the SA-
inducible marker, PR-1, in fad7-1 plants were analyzed. Similar levels of PR-1 transcript 
were induced in response to SA in both Col-0 and fad7-1 plants (Figure 3.3D), suggesting 
that fad7-1 plants are able to induce SA-derived marker gene expression.    
 
fad7-1 plants are compromised in pathogen induced accumulation of JA 
The FAD7 enzyme catalyzes the desaturation of 18:2 to 18:3 FA on membranous lipids 
and a mutation in FAD7 reduces trienoic FA’s levels in the plant (Figure 3.4A). Notably, 
the fad7-1 plants accumulated reduced levels of basal and pathogen-induced JA (Figure 
3.4B), which correlated well with reduced levels of the JA precursors 16:3 and 18:3 FAs. 
To determine if reduced accumulation of JA was responsible for compromised SAR, I 
tested if exogenously supplied JA restored SAR in fad7 plants. The wt and fad7-1 leaves 
were infiltrated with MgCl2 (mock) or AvrRpt2 bacteria. Vascular exudates collected 
from the MgCl2- or AvrRpt2-infiltrated leaves were mixed with water or JA and injected 
into the leaves of a fresh set of wt and fad7-1 plants. The distal leaves of this second set 
of plants were then inoculated with virulent bacteria and their proliferation monitored at 0 
and 3 dpi (Figure 3.4C). Unlike BTH, addition of JA to exudates from MgCl2-infiltrated 
Col-0 or fad7-1 plants did not reduce the growth of virulent bacteria. Furthermore, 
addition of JA to exudate from AvrRpt2-infiltrated Col-0 plants also did not increase the 
potency of SAR in Col-0. Application of exudate on the fad7-1 plants did not induce 
SAR, regardless of the source of the exudate (Col-0 or fad7-1) plants. Together, these 
data suggested that the inability to accumulate JA likely did not contribute to the 
compromised SAR in fad7-1 plants. This was further confirmed by whole plant 
application of JA (Figure 3.4D). The Col-0 and fad7-1 plants were treated with JA for 
two consecutive days followed by inoculation of primary leaves with MgCl2 (mock) or 
AvrRpt2 bacteria. The virulent bacteria were inoculated on distal leaves 48 h after 
primary infiltrations and their growth monitored at 3 and 6 dpi.  JA-treated fad7-1 plants 
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showed a marginal reduction in the growth of the virulent pathogen but they did not show 
SAR. Additionally, similar to results obtained in the exudate-related experiment (Figure 
3.4C), whole plant pretreatment with JA did not improve SAR in either mock- or 
AvrRpt2-inoculated plants. Together, these results argue against reduced JA as the cause 
of defective SAR in fad7-1 plants. 
 
A gl1 mutation in the fad7-1 plants is responsible for their defective SAR 
In addition to FAD7, the Arabidopsis FAD8 enzyme also catalyzes the desaturation of 
18:2 to 18:3 on plastidial lipids. This is evident in the fad7-2 fad8-1 double mutant plants 
since these are more severely reduced in their trienoic FA levels. To test if trienoic FA’s 
contribute to systemic immunity, SAR was assayed in the fad7-2 fad8 double mutant 
plants. As expected, the fad7-2 fad8 plants showed negligible levels of 16:3 and a 
significant reduction in 18:3 levels (Figure 3.5A). Surprisingly, the fad7-2 fad8 plants 
showed normal SAR (Figure 3.5B). One possibility was that the fad8 mutation restored 
SAR in the fad7-2 fad8 double mutant. However, this was rather unlikely given the fact 
that both FAD7 and FAD8 catalyze the same desaturation event (18:2 to 18:3). It was 
also not easily testable since fad8 single mutation has no detectable effect on overall FA 
composition (McConn et al., 1994). I therefore retested the requirement of FAD7 in SAR 
induction by evaluating SAR in the fad7-1 allelic mutant, fad7-2. Both fad7-1 and fad7-2 
showed similar profile of FA’s and resulted in a similar decrease in the levels of trienoic 
FA’s (Figure 3.5A). However, unlike fad7-1, the fad7-2 plants showed normal SAR 
(Figure 3.5B). Together, these data suggested that compromised SAR in fad7-1 plants 
was not associated with their reduced trienoic FA levels or their altered FA/lipid profile.  
 
A comparison of the genetic backgrounds used for isolating fad7-1 and fad7-2 mutants 
revealed that fad7-1 was isolated in the glabra (gl) 1 background, whereas fad7-2 was 
isolated in the wt background. The GL1 gene encodes the R2R2-MYB transcription 
factor, which is required for trichome differentiation in Arabidopsis (Oppenheimer et al., 
1991). Mutation in the GL1 gene resulted in a glabrous phenotype due to lack of 
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trichomes on leaves. Indeed, similar to leaves from gl1 plants, fad7-1 gl1 leaves were 
devoid of any trichomes (Figure 3.5C). On the other hand wt, fad7-2, and fad7-2 fad8 
leaves showed normal trichomes (Figure 3.5C). Quantitative FA profiling showed a wt-
like profile of FA’s in gl1 plants (Figure 3.5A), suggesting that, unlike fad7-1, gl1 
mutation was not associated with alteration in FA profile. However, similar to fad7-1, the 
gl1 plants were compromised in SAR (Figure 3.5B). Together, these data suggested that 
the gl1 mutation was responsible for compromised SAR in fad7-1 plants.  
 
To confirm this further, a genomic copy of the FAD7 gene was expressed in fad7-1 gl1 
plants. All the T1 plants showed wt-like levels of trienoic acid but were still devoid of 
trichomes, suggesting that these transgenic plants were complemented for fad7-1 but not 
for the gl1 mutation. Three independent T1 lines were analyzed in the T2 generation and 
these segregated for fad7-1 mutation in a ~ 3 wt-like: 1 fad7-like manner; the fad7-1 
plants were scored based on their genotype as well as FA profile (Figure 3.5D,E). 
However, all the T2 plants lacked trichomes (Figure 3.5F), further confirming that the 
FAD7 transgene complemented only the fad7-1 and not the gl1 mutation. The fad7:FAD7 
transgenic plants showed compromised SAR, like fad7-1 and gl1 plants (Figure 3.5F), 
further reiterating the fact that the fad7-1 mutation was not responsible for compromised 
SAR. 
 
gl1 plants are impaired in the perception, but not the generation, of the mobile 
signal 
Next I assessed whether GL1 contributed to mobile signal generation or perception in the 
SAR response. The response of wt and gl1 and fad7-1 gl1 plants to vascular exudates 
collected from pathogen-inoculated wt, gl1 or fad7-1 gl1 leaves was evaluated. The wt 
and fad7-1 gl1  and gl1 leaves were infiltrated with MgCl2 or AvrRpt2 bacteria and 
vascular exudates collected from the inoculated leaves were injected into the leaves of a 
fresh set of wt or fad7-1 gl1 and gl1 plants. Distal leaves of the exudate-infiltrated plants 
were then inoculated with virulent bacteria and proliferation of virulent bacteria 
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monitored at 0 and 3 dpi (Figure 3.6A). As expected, exudates from AvrRpt2-infected wt 
plants conferred protection against virulent pathogen in wt plants. Similar to wt, exudates 
from AvrRpt2-infected fad7-1 gl1 or gl1 plants also conferred resistance against virulent 
pathogen in wt plants. In comparison, the same exudates (wt, fad7-1 gl1 or gl1 plants) 
conferred only marginal SAR on fad7-1 gl1 or gl1 plants. These data further correlated 
with PR-1 gene expression; the fad7-1 gl1 plants showed basal levels of PR-1 transcript 
in response to exudate application compared to wt plants (Figure 3.6B). Together, these 
results suggested that gl1 plants are competent in generating the mobile SAR signal(s), 
but are defective in its perception.  
 
gl1 plants are defective in their cuticle  
The inability of the fad7-1 gl1 plants to perceive SAR signal(s) was reminiscent of 
phenotypes associated with acp4 plants (Figure 3.6A and Xia et al., 2009), which are 
defective in cuticle formation. These similarities prompted us to investigate if the 
cuticular defect in fad7-1 gl1 and gl1 plants was responsible for their compromised SAR. 
The fad2-1, fad3-2, fad4-1, fad5-1, fad6-1, fad7-2, fad7-2 fad8-1 mutants were also 
included in this analysis. In addition, dgd1 was also included, since a mutation in MGD1, 
which generates substrate for DGD1, was shown to compromise SAR (Chaturvedi et al., 
2009). Interestingly, only fad7-1 gl1, gl1, and dgd1 leaves or cuticle-impaired gpat4 
gpat8 plants showed staining with toluidine blue (Figure 3.7A; Li et al., 2007), a 
hydrophilic dye that only penetrates leaves with permeable cuticles (Tanaka et al., 2004). 
Furthermore, fad7-1 gl1, gl1, and dgd1 also showed increased water loss (Figure 3.7B) 
and chlorophyll leaching (Figure 3.7C), further supporting their defective cuticle 
phenotype. Notably, dgd1 stained faster with toluidine blue than fad7-1 gl1 or gl1 and 
consistently showed higher water loss and chlorophyll leaching, suggesting that cuticular 
impairment was more severe in dgd1.  
 
The outermost cell wall of the epidermis of fad7-1 gl1, gl1, and dgd1 leaves was 
analyzed  by transmission electron microscopy (TEM). As expected, the cuticle of the wt 
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leaf appeared as a continuous and regular electron-dense osmiophilic layer outside the 
cell wall (Figure 3.7D). In comparison, fad7-1 gl1 and dgd1 mutants showed electron-
opaque cuticles (Figure 3.7D, marked by arrows). Comparison of the scanning electron 
micrographs (SEM) of wt and fad7-1 gl1, gl1, and dgd1 leaf surfaces showed that , the 
mutants each had an uneven surface, which was greatly folded compared to that of wt 
leaves (Figure 3.7E, data not shown for gl1).  
 
To determine if this defect in cuticle structure was associated with alterations in the 
content and/or composition of cuticular waxes or cutin polyester monomers, levels of 
waxes and cutin monomers were compared between wt and fad7-1 gl1, gl1, and dgd1 
leaves (Figure 3.7). Strikingly, while fad7-1 gl1, and gl1 leaves showed reduction in 
several FA, alkane and primary alcohol species compared to wt plants, the dgd1 leaves 
showed an increase in these wax components (Figure 3.7F). Similarly, apart from 16:0-
dicarboxylic acids (DCA), several cutin monomers were higher in dgd1 plants compared 
to wt. Increased biosynthesis of cuticular components has also been observed in several 
Arabidopsis mutants that show abnormal cuticle (Schnurr et al., 2004; Kurdyukov et al., 
2006; Bessire et al., 2007). Unlike dgd1, both fad7-1 gl1, and gl1 leaves showed a ~17 % 
and 32% overall decrease in cutin aliphatic monomer content, respectively. In case of gl1, 
the decrease was more pronounced in two major monomers (16:0-, 18:1- and18:2- DCA 
and 16-OH-16:0) (Figure 3.7G). Taken together, these results show that GL1 and DGD1 
are essential for the biosynthesis of the cuticular wax and cutin polymers in leaves.  
 
gl1 and dgd1 plants show compromised resistance to fungal pathogens 
Since cuticle plays an important role in defense against fungal pathogens, I next 
evaluated the response of fad7-1 gl1, gl1 and dgd1 plants to the necrotrophic pathogen 
Botrytis cinerea and a hemibiotrophic fungal pathogen Colletotrichum higginsianum. 
Interestingly, both gl1 and dgd1 plants showed enhanced susceptibility to B. cinerea and 
C. higginsianum; spray and spot inoculations showed significantly larger lesions on gl1, 
fad7-1 gl1 and dgd1 leaves (Figure 3.8A,B,C). Unlike fad7-1 gl1 and gl1 plants, the fad7-
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2 and fad7-2 fad8 plants showed wt-like response to B. cinerea and C. higginsianum, 
arguing against a role for trienoic FA’s in resistance to necrotrophic or hemibiotrophic 
fungal pathogens.  
 
dgd1 plants are compromised in SAR 
A defective cuticle in dgd1 plants prompted me to test SAR in these plants. The Col-0 
and dgd1 plants were first inoculated with MgCl2 or AvrRpt2 bacteria followed by second 
inoculation with virulent bacteria on distal tissues at 48 h post first inoculation. The 
growth of the virulent bacteria was monitored at 0, 3, and 6 days post inoculation (dpi) 
(Figure 3.9A). As expected, MgCl2-infiltrated leaves of wt, (Col-0) plants supported 
more growth of the secondary virulent pathogen than the plants that were pre-infected 
with an avirulent strain, indicating the appropriate induction of SAR (Figure 3.9A). 
However, in comparison to Col-0, the dgd1 mutant plants showed compromised SAR; 
plants infiltrated with MgCl2 or avirulent bacteria were equally susceptible to virulent 
bacteria in the distal tissues. I next assessed the response of wt and dgd1 plants to 
vascular exudates collected from pathogen-inoculated wt or dgd1 leaves. The wt and 
dgd1 leaves were infiltrated with MgCl2 or AvrRpt2 bacteria and vascular exudates 
collected from the inoculated leaves were injected into the leaves of a fresh set of wt or 
dgd1 plants. Distal leaves of the exudate-infiltrated plants were then inoculated with 
virulent bacteria and proliferation of virulent bacteria monitored at 0 and 3 dpi (Figure 
3.9B). As expected, exudates from AvrRpt2-inoculated wt plants conferred protection 
against virulent bacteria in wt plants. Similar to wt, exudates from AvrRpt2-inoculated 
dgd1 plants also conferred resistance against virulent bacteria in wt plants. In 
comparison, the same exudates (wt or dgd1 plants) conferred only marginal SAR on dgd1 
plants. These data further correlated with PR-1 gene expression; the dgd1 plants showed 
basal levels of PR-1 transcript in response to exudate application compared to wt plants 
(data not shown). Together, these results suggested that, similar to fad7-1 gl1 and gl1, 
dgd1 plants were competent in generating the mobile SAR signal(s), but were defective 
in perceiving it to induce SAR.  
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dgd1 plants are compromised in pathogen-induced accumulation of SA and JA 
Similar to fad7-1 gl1 plants, the dgd1 plants were impaired in their ability to accumulate 
free SA in their local as well as distal tissues (Figure 3.10A). However, unlike fad7-1 gl1, 
the dgd1 plants accumulated wt-like levels of SAG in their distal tissues. To determine if 
impaired SAR in dgd1 plants correlated with their inability to accumulate SA in the local 
or distal tissues, the effect of exogenously supplied SA in restoring SAR in dgd1 plants 
was tested. The wt and dgd1 leaves were infiltrated with MgCl2 (mock) or AvrRpt2 
bacteria. The vascular exudates collected from the inoculated leaves were mixed with 
water or the SA analog BTH and injected into the leaves of a fresh set of wt and dgd1 
plants. The distal leaves of this second set of plants were then inoculated with virulent 
bacteria and proliferation of virulent bacteria was monitored at 0 and 3 dpi (Figure 
3.10B). As shown above, BTH containing exudate from MgCl2-infiltrated Col-0 plants 
conferred SAR on Col-0 plants but not on dgd1 plants. In comparison, the BTH- 
containing exudate from MgCl2 infiltrated dgd-1 was unable to confer SAR on either 
Col-0 or dgd1 plants. Interestingly, the exudate from AvrRpt2-infiltrated dgd1 plants 
conferred SAR on Col-0 plants but not on dgd1 plants. The BTH containing exudate from 
AvrRpt2 infiltrated Col-0 or dgd1 plants produced better SAR on Col-0, suggesting that 
exogenous BTH had an additive effect on SAR. Together, these results suggested that, 
similar to fad7-1 gl1, exogenous application of BTH was unable to restore the defective 
SAR in dgd1 plants. Similarly, whole plant application of BTH on dgd1 enhanced 
resistance but not to wt-like levels (Figure 3.10C). 
 
In comparison to wt, the dgd1 plants showed a statistically significant reduction in the 
levels of trienoic FA’s and 18:2 (Figure 3.11A). Consistent with a reduction in trienoic 
FA’s, the pathogen-induced JA levels were lower in dgd1 plants (Figure 3.11B). To 
determine if reduced accumulation of JA was responsible for compromised SAR, I tested 
if exogenously supplied JA restored SAR in dgd1 plants. The wt and dgd1 leaves were 
infiltrated with MgCl2 (mock) or AvrRpt2 bacteria. Vascular exudates collected from the 
MgCl2- or AvrRPT2-infiltrated leaves were mixed with water or JA and injected into the 
leaves of new wt and dgd1 plants. The distal leaves of these plants were then inoculated 
with virulent bacteria and their proliferation monitored at 0 and 3 dpi (Figure 3.11C). 
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Addition of JA to exudates from MgCl2-infiltrated Col-0 or dgd1 plants did not reduce 
the growth of virulent bacteria compared to plants infiltrated with MgCl2 alone. 
Furthermore, addition of JA to exudate from AvrRpt2-infiltrated plants also did not 
increase the potency of SAR. Application of exudate on the dgd1 plants did not induce 
SAR, regardless of the source of the exudate (Col-0 or dgd1) plants. Together, these data 
suggested that the inability to accumulate JA likely did not contribute to the 
compromised SAR in dgd1 plants. This was further confirmed by whole plant application 
of JA (Figure 3.10D). The Col-0 and dgd1 plants were treated with JA for two 
consecutive days followed by inoculation of primary leaves with MgCl2 (mock) or 
AvrRpt2 bacteria. The virulent bacteria were inoculated on distal leaves 48 h after 
primary infiltrations and their growth monitored at 3 and 6 dpi.  JA-treated dgd1 plants 
showed a marginal reduction in the growth of the virulent pathogen but they did not show 
SAR. Additionally, similar to results obtained in the exudate-related experiment (Figure 
3.11C), whole plant pretreatment with JA did not improve SAR in either mock- or 
AvrRPT2-inoculated plants. Together, these results argue against a role for JA in DGD1-
mediated SAR. 
 
Mutations in GL3 and TTG1 impair cuticle and compromise SAR 
Since the GL1 gene is involved in trichome formation, I next tested if  trichome 
formation was generally associated with defective cuticle and thereby impaired SAR. The 
cuticular phenotypes were assessed in two known mutants, gl3 and ttg1, which are 
affected in the differentiation of trichomes (Figure 3.12A). The GL3 and TTG1 genes 
encode basic helix-loop-helix protein and WD40 repeat protein, respectively, which 
together with GL1 are thought to form a combinatorial regulatory complex (MorohashIet 
al., 2007; Payne et al., 2000; Walker et al., 1999; Zhang et al., 2003). Indeed, similar to 
gl1, both gl3-1 and ttg1 mutants do not form any trichomes on their leaves ( Figure 
3.12A). Furthermore, the gl3-1 and ttg1 leaves stained with toluidine blue (Figure 3.12B) 
and also showed increased chlorophyll leaching (Figure 3.12C). These results suggest 
that gl3-1 and ttg1 plants contain an abnormal cuticle. Consistent with this result, both 
gl3-1 and ttg1 plants showed compromised SAR (Figure 3.12D).  
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Gibberllic acid (GA) application is known to stimulate trichome formation (Chien and 
Sussex, 1996). Since my results indicated that trichome differentiation was associated 
with cuticle formation, I next tested whether GA also restored cuticle formation. 
Exogenous application of GA to wt and gl1 plants caused a significant enhancement in 
their growth (Figure 3.12A). Although GA application was unable to induce trichome 
formation on gl1 leaves (Figure 3.12A), the GA-treated gl1 plants showed a significant 
reduction in the toluidine blue-stained areas (Figure 3.13B). Furthermore, GA-treated wt 
and gl1 plants showed a significant reduction in chlorophyll leaching from these leaves 
(Figure 3.13C). These data suggested that GA application led to enhancement of cuticle 
in both wt and gl1 plants. Consistent with toluidine blue staining and chlorophyll 
leaching phenotypes, the GA-treated wt and gl1 plants showed a pronounced increase in 
the levels of cuticular components (Figure 3.13D). Interestingly, although SAR was 
induced in both water- or GA-treated plants, the latter showed significantly better SAR 
compared to water-treated plants  (Figure 3.13E). Exogenous application of GA also 
improved SAR on gl1 plants but the effect was less pronounced compared to wt plants, 
likely because the cuticle might not be completely restored.  Nonetheless, unlike SA or 
JA, GA was able to restore defective SAR in gl1 plants.  
 
Discussion 
The gl1 mutant was first isolated based on its glabrous phenotype  (Koornneef et al., 
1989), and this phenotype has served as a useful marker for numerous mutant isolations 
and/or screenings.  At least >200 different articles describing studies carried out in the 
gl1 background can be identified (Liu and Zhu, 1997; Aarts et al., 1998; Cecchini et al., 
1998; Xie et al., 1998; Yi and Jack, 1998; Bieza and Lois, 2001; Ellis and Turner, 2001; 
Laby et al., 2001; Bender and Fink, 1998; Devoto et al., 2002; He et al., 2002; Collins et 
al., 2003; Quiel and Bender, 2003; Barkan et al., 2006; Zhu et al., 2007; Speth et al., 
2009; Jung and Niyogi, 2010). Notably, many of the mutants that were isolated or 
crossed into the gl1 background have been studied for the defense physiologies. 
Interestingly, most studies were conducted with the assumption that the gl1 mutant itself 
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does not affect any phenotype but the loss of trichome. My work shows that this is clearly 
not the case and that gl1 plants are compromised in defense to both bacterial as well as 
fungal pathogens. Additionally, the gl1 mutation affects cuticle development. These 
findings question the prudence of using mutant backgrounds for genetic screening and 
underscores the need to reevaluate phenotypes that were previously studied in the gl1 
background.  
 
This is clearly the case for the fad7-1 mutant, which was originally isolated in the gl1 
background (Browse et al., 1986). Subsequent studies suggested a role for glycerolipid 
synthesis in SAR due to the inability of the fad7-1 (fad7-1 gl1) plants to induce SAR 
(Chaturvedi et al., 2009). However, normal SAR phenotype in allelic fad7-2 and the 
fad7-2 fad8 double mutant argue against a role for trienoic FAs/ lipid metabolism in 
SAR. This is further reiterated by the fact that trienoic FA levels but not the ability to 
induce SAR were restored in fad7-1 transgenic lines expressing a wt copy of FAD7. 
Characterization of the fad7-1 mutant showed that its impaired SAR is associated with a 
second-site mutation in the GL 1 gene. Notably, a mutation in the GL1 gene impaired 
cuticle development, thereby compromising the plants’ ability to induce SAR. 
Interestingly, besides GL1, two other mutations affecting trichome formation (gl3 and 
ttg1) also contained deformed cuticles and were defective in inducing SAR. These data 
suggest that trichome differentiation and cuticle development may involve overlapping 
biochemical basis. However, a correlation between the lack of trichomes and presence of 
a defective cuticle was not observed in transgenic plants expressing the Fatty Acid 
Elongation 1 gene specifically in the epidermis; these plants do not contain trichomes but 
have a normal cuticle (Reina-Pinto et al., 2009).  
 
Is there a connection between trichome formation and cuticle development? To begin 
with epidermal cells are involved in both of these processes. Trichomes differentiate from 
the pluripotent epidermal cells in a patterned manner, which is determined by genetic 
interactions between trichome-promoting or trichome-repressing factors (reviewed in 
Schellmann and Hulskamp; 2005; Ishida et al., 2008). Proteins encoded by GL1, GL3I, 
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and TTG1 act as positive regulators and mutations in these genes affect trichome 
development. Both GL1 and GL3 act as transcriptional regulators and are known to 
regulate genes involved in various other processes besides trichome development 
(Morohashi and Grotewold, 2009). Interestingly, one of the direct targets of GL3/GL1 
includes Fiddlehead (FDH), which encodes a protein related to β-ketoacyl-CoA synthase 
involved in cuticle development (Pruitt et al., 2000). Consistent with this finding, the fdh 
mutant shows a significant reduction in the number of trichomes (Yephremov et al., 
1999). Similarly, several other mutants, including lcr (Lacerata) and bdg (Bodyguard), 
which are defective in cuticle formation, exhibit abnormal differentiation of trichomes 
and reduced trichome numbers (Wellesen et al., 2001; Kurdyukov et al., 2006). These 
observations, together with my results, support the notion that common components 
regulate cuticle development and trichome formation. 
 
The inability of exogenous GA to complement for the SAR defect in gl1 plants but not 
trichome formation suggests that the latter might not play a role in SAR. It appears that 
GA might participate in systemic immunity by affecting cuticle development. This is 
based on the fact that GA application reduced chlorophyll leaching by increasing carbon 
flux into cuticle. Increased incorporation of palmitic acid and oleic acid into cutin 
monomers was also seen in GA-treated rice and pea plants (Bowen and Walton, 1988; 
Hoffmann-Benning and Kende, 1994), suggesting that GA-mediated increased carbon 
flux into cuticle might be a common phenomenon in plants. GA application also induced 
stronger SAR in wt plants. GA application is known to derepress its signaling pathway by 
inducing the degradation of DELLA proteins , which negatively regulate accumulation of 
reactive oxygen species (ROS) (Achard et al., 2008). Notably, GA treatment, in the 
absence of pathogen inoculation, did not alter ROS levels; ROS levels in uninoculated 
GA-treated wt or gl1 plants were similar to that in water-treated plants. This suggests that 
GA-triggered increased carbon flux into cuticle is not mediated via ROS. However, it 
does not rule out a role for ROS in GA-triggered SAR. The fact that exogenous 
application of H2O2 is unable to improve the resistance response of wt plants to 
Pseudomonas discounts a role for ROS in GA-triggered gl1 plants. This is further 
supported by the result that exogenous application of SA, which potentiated defense 
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response leading to increased accumulation of ROS (Shirasu et al., 1997), was unable to 
trigger SAR in gl1 plants. Similarly, SA and JA treatments were also unable to 
complement defective SAR in other cuticle-deficient mutants, dgd1 and acp4 (Xia et al., 
2009). Together, these observations support the notion that GA-mediated restoration of 
cuticle is responsible for restored SAR in gl1 plants. More importantly, these and my 
earlier results (Xia et al., 2009), reconfirm the fact that cuticle-deficient mutants are 
impaired in their ability to perceive or decode mobile signal but not in its generation.  
 
A mutation in DGD1, which catalyzes conversion of MGDG to DGDG 
(digalactosyldiacylglycerol; Dörmann et al., 1999), also affects normal development of 
cuticle and the plants’ ability to induce SAR. This was a surprise finding since 
galactolipids have not been detected in cuticular profiles. One possible reason for this 
could be that extraction and detection procedures employed for cuticle profiling are not 
appropriate for detection of galactolipids. Nonetheless, the impaired cuticle in dgd1 
plants suggests a role for DGDG in cuticle development. Although synthesized in the 
outer envelope of plastids, DGDG does get redistributed into thalakoid- and plasma-
membranes and this galactolipid trafficking involves various subcellular compartments 
(reviewed in Kelly and Dörmann, 2004; Benning, 2008). Besides changing the membrane 
composition, a mutation in dgd1 is also known to affect import of nuclear proteins within 
plastids (Chen and Li, 1998). Thus, it is possible that distribution of DGDG on various 
membranes and/or protein import across these membranes play a role in cuticle 
development. More work will be required to elucidate a biochemical connection between 
DGD1 and cuticle formation and the role of cuticle in SAR. 
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Figure 3.1. 
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Figure 3.1. An Abbreviated scheme for fatty acid and lipid biosynthesis. De novo FA 
biosynthesis from acetyl-CoA occurs exclusively in the plastids of all cells (represented 
by oval). Acetyl-CoA carboxylase (ACC) and the fatty acid synthase (FAS) complex are 
key enzymes involved in biosynthesis of palmitic acid (16:0). Upon elongation to stearic 
acid (18:0), this FA undergoes desaturation to oleic acid (18:1). Desaturation of stearic 
acid (18:0)-ACP to 18:1-ACP catalyzed by the SSI2/FAB2-encoded stearoyl-acyl carrier 
protein (ACP) desaturase (SACPD), is one of the key steps in the FA biosynthesis 
pathway that regulates levels of unsaturated FAs in the cell. The 18:1-ACP generated in 
this reaction enters the prokaryotic pathway through acylation of glycerol-3-phosphate 
(G3P) and this reaction is catalyzed by the ACT1-encoded G3P acyltransferase. The 18:1-
ACP is also exported out of plastids as a CoA-thioester to enter the eukaryotic pathway. 
Desaturation of 18:1 present on membrane glycerolipids (GL) is catalyzed by FAD2-and 
FAD6-encoded ω6 desaturases that are present on the endoplasmic reticulum (ER) or 
plastid envelope, respectively. Desaturation of 18:2 present on membrane GL is catalyzed 
by FAD3- and FAD7/FAD8- encoded desaturases that are present on the ER and plastid 
envelope respectively. Desaturation of 16:0 to 16:1 is catalyzed by plastidal-localized 
desaturases FAD4 and FAD5. Symbols for various components are: Lyso-PA, acyl-
glycerol 3-phosphate; PA, phosphatidic acid; MGDG, monogalactosyldiacylglycerol; 
DGDG, digalactosyldiacylglycerol; SL, sulfolipid; DAG, diacylglycerol. 
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Figure 3.2. SAR response in fad mutants. Primary leaves were treated with MgCl2 
(gray bars) or P. syringae expressing AvrRpt2 (black bars) and the systemic leaves were 
inoculated 48 h later with a virulent strain of P. syringae. 
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Figure 3.3. 
 
 61 
 
 
Figure 3.3. SA levels and pathogen response of Col-0 and fad7-1 plants after 
exogenous application of BTH. (A) SA and SAG levels in Col-0 and fad7-1 plants 
treated with MgCl2 or P. syringae expressing AvrRpt2. (B) SAR response in Col-0 and 
fad7-1 plants infiltrated with exudates collected from wt or fad7-1 plants that were 
treated either with MgCl2 or P. syringae expressing AvrRpt2. Exudates (Ex) were mixed 
with water or 100 µM BTH prior to infiltration into a fresh set of plants. (C) SAR in Col-
0 or fad7-1 plants treated with water or BTH for 48 h prior to treatment with MgCl2 or P. 
syringae expressing AvrRpt2. (D) RNA gel blot showing transcript levels of PR-1 gene in 
plants treated with water or BTH for 48 h. 
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Figure 3.4. 
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Figure 3.4. FA and JA levels and pathogen response of Col-0 and fad7-1 plants after 
exogenous application of JA. (A) Levels of FAs in four-week-old Col-0 and fad7-1 
leaves. The error bars represent SD. Asterisks denote a significant difference with Col-0 
(t test, P<0.05). FW indicates fresh weight. (B) JA levels in Col-0 and fad7-1 plants 
inoculated with MgCl2 or P. syringae expressing AvrRpt2. (C) SAR response in Col-0 
and fad7-1 plants infiltrated with exudates collected from wt or fad7-1 plants that were 
treated either with MgCl2 or P. syringae expressing AvrRpt2. Exudates (Ex) were mixed 
with water or 50 µM JA prior to infiltration into a fresh set of plants. (D) SAR response 
in Col-0 or fad7-1 plants treated with water or JA for 48 h prior to inoculation 
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Figure 3.5. 
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Figure 3.5. 
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Figure 3.5. FA levels, SAR response and trichome phenotypes in fad7, fad7 fad8, and 
transgenic lines expressing a genomic copy of FAD7 in the fad7-1 gl1 background 
plants. (A) Levels of FAs in four-week-old leaves. The error bars represent SD. Asterisks 
denote a significant difference with Col-0 (t test, P<0.05). FW indicates fresh weight. (B) 
SAR response in indicated genotypes. (C) Leaves from indicated genotypes showing 
presence or absence of trichomes.  (D) Levels of FAs in indicated genotypes. At least 10 
different T2 transgenic plants expressing the genomic copy of FAD7 in the fad7-1 
background were analyzed and all showed a similar profile. The error bars represent SD. 
Asterisks denote a significant difference with Col-0 (t test, P<0.05). FW indicates fresh 
weight. (E) Cleaved amplified polymorphic sequence analysis of indicated genotypes for 
fad7-1 mutation. (F) Leaves from indicated genotypes showing presence or absence of 
trichomes. The transgenic lines expressing a genomic copy of FAD7 in the fad7-1 gl1 
background were tested and showed absence of trichomes. (G) SAR response in 
indicated genotypes. Two independent transgenic lines were analyzed and both showed 
compromised SAR. 
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Figure 3.6. Responsiveness of gl1 plants to petiole exudates collected from pathogen 
inoculated plants. (A) SAR response in Col-0, fad7-1 gl1 and gl1 plants infiltrated with 
exudates collected from wt or acp4 plants that were treated either with MgCl2 as mock or 
P. syringae containing AvrRpt2. (B) RNA gel blot showing transcript levels of PR-1 in 
Col-0 and fad7-1 gl1 leaves infiltrated with petiole exudates (Ex). PR-1 transcript levels 
were analyzed 48h after treatments. M and avr indicate petiole exudates collected from 
leaves infiltrated with MgCl2 or P. syringae containing AvrRpt2. 
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Figure 3.7. 
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Figure 3.7. Evaluation of cuticle-associated phenotypes in fad7-1 gl1 plants. (A) 
Toluidine blue-stained leaves from four-week-old leaves of indicated genotypes. (B) 
Measurement of water loss from the leaves subjected to drought conditions for 4 days. 
 (C) A time-course measurement of chlorophyll leaching in indicated genotypes. (D) 
Transmission electron micrographs showing cuticle layer on adaxial surface of leaves 
from indicated genotypes. Arrows indicate electron-opaque regions. CW indicates cell 
wall (scale bars, 50 nm). (E) Scanning electron micrographs showing adaxial surface of 
leaves from indicated genotypes (scale bars, 200 mM). (F) Analysis of wax components 
from leaves of indicated genotypes. 16:0-24:0 are FAs, C27-C33 are alkanes, C26-OH-
C32-OH are primary alcohols. (G) Analysis of lipid polyester monomer content for cutin 
of four-week-old plants. Error bars in A and B represent SD. Asterisks in A and B denote 
a significant difference with wild-type (Col-0) (t test, P<0.05). Symbols for various 
components are: 16:0-DCA, 1,16-hexadecane dioic acid; 16-OH-16:0, 16-
hydroxyhexadecanoic acid; 10,16-OH-16:0, 10,16-dihydroxyhexadecanoic acid; 18:0-
DCA, 1,18-octadecane dioic acid; 18:1-DCA, 1,18-octadecene dioic acid; 18:-OH-18:1, 
18-hydroxyoctadecenoic acid, 18:2-DCA, 1,18-octadecadiene dioic acid; 18-OH-18:2, 
18-hydroxyoctadecadienoic acid; 18-OH-18:3, 18-hydroxyoctadecatrienoic acid. 
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Figure 3.8 
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Figure 3.8. Response of gl1 to hemibiotrophic pathogen C. higginsianum and 
necrotrphic pathogen B. cinerea. (A) Disease symptoms on indicated genotypes spot-
inoculated with 106 spores/ml of C. higginsianum. (B) Lesion size in spot-inoculated 
genotypes. The plants were spot-inoculated with 106 spores/ml of C. higginsianum and 
the lesion size was measured from 20-30 independent leaves at 6 dpi. Statistical 
significance was determined using Students t-test. Asterisks indicate data statistically 
significant from that of control (Col-0) (P<0.05).  Error bars indicate SD. (C) Lesion size 
in spot-inoculated genotypes. The plants were spot-inoculated with 106 spores/ml of B. 
cinerea and the lesion size was measured from 20-30 independent leaves at 6 dpi. 
Statistical significance was determined using Students t-test. Asterisks indicate data 
statistically significant from that of control (Col-0) (P<0.05).  Error bars indicate SD. 
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Figure 3.9. SAR response and responsiveness of dgd1 to mock  and avirulent petiole 
exudates. (A) SAR response in Col-0 and dgd1 plants. (B) SAR response in Col-0 and 
dgd1 plants infiltrated with exudates collected from wt or dgd1 plants that were treated 
either with MgCl2 or P. syringae AvrRpt2. 
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Figure 3.10. 
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Figure 3.10. 
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Figure 3.10. SA levels and pathogen response of Col-0 and dgd1 plants after 
exogenous application of BTH and JA. (A) SA and SAG levels in Col-0 and dgd1 
plants inoculated with MgCl2 or P. syringae expressing AvrRpt2. (B) SAR response in 
Col-0 and dgd1 plants infiltrated with exudates collected from Col-0 or dgd1 plants that 
were treated either with MgCl2 or P. syringae expressing AvrRpt2. Exudates (Ex) were 
mixed with water or 100 µM BTH prior to infiltration into a fresh set of plants. (C) SAR 
response in Col-0 and dgd1 plants treated with water or BTH for 48 h prior to 
inoculation. (D) SAR response in Col-0 and dgd11 plants treated with water or JA for 48 
h prior to inoculation. 
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Figure 3.11. 
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Figure 3.11. FA and JA levels and pathogen response of Col-0 and dgd1 plants after 
exogenous application of JA. (A) Levels of FAs in four-week-old Col-0 and dgd1 
leaves. The error bars represent SD. Asterisks denote a significant difference with Col-0 
(t test, P<0.05). FW indicates fresh weight. (B) JA levels in Col-0 and dgd1 plants 
inoculated with MgCl2 or P. syringae expressing AvrRpt2. (C) SAR response in Col-0 
and dgd11 plants infiltrated with exudates collected from wt or dgd1 plants that were 
treated either with MgCl2 or P. syringae expressing AvrRpt2. Exudates (Ex) were mixed 
with water or 50 µM JA prior to infiltration into a fresh set of plants. 
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Figure 3.12. 
 
 
 81 
Figure 3.12. Evaluation of cuticle-associated phenotypes and SAR response in gl3, 
ttg1 and gl1 plants. (A) Leaves of indicated genotypes showing absence of trichomes on 
gl3 and ttg1 plants. (B) Toluidine blue-stained leaves from four-week-old leaves of 
indicated genotypes. (C) A time-course measurement of chlorophyll leaching in indicated 
genotypes. FW indicates fresh weight. (D) SAR response in indicated genotypes.  
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Figure 3.13. 
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Figure 3.13. Effect of GA treatment on trichome formation, leaf size and evaluation 
of cuticle-associated phenotypes and SAR response in plants treated with GA. (A) 
Leaves of Col-0 and gl1 plants treated with water or GA. GA treatment increased the leaf 
size but did not induce trichome formation on gl1 plants; scale bars, 50 nm. (B) Toluidine 
blue-stained leaves from four-week-old leaves of indicated genotypes. (C) A time-course 
measurement of chlorophyll leaching in Col-0 and gl1 plants treated with water or GA. 
(D) Analysis of wax components from leaves of four-week old Col-0 and gl1 plants 
treated with water or GA. 16:0-30:0 are FAs, C27-C33 are alkanes, C26-OH-C32-OH are 
primary alcohols. (E) SAR response in Col-0 and gl1 plants pretreated with water or GA. 
Asterisks denote a significant difference with respective water-treated and MgCl2- 
infiltrated plants (t test, P<0.05). 
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CHAPTER 4 
 
 
 
THE ROLE OF ACBPS IN CUTICLE FORMATION AND PLANT DEFENSE 
 
 
Introduction 
 
In plants, de novo synthesis of fatty acids (FAs) occurs exclusively in the chloroplasts. 
After transfer to acyl carrier protein (ACP), the malonyl-ACP enters into a series of 
reactions that eventually result in the formation of saturated FAs, palmitate (16:0) and 
stearate (18:0). The 18:0 FA is desaturated to oleic acid (18:1) by the SSI2-encoded 
stearoyl-ACP-desaturase (see Chapter 2). The 16:0 and 18:1 FAs either remain inside 
plastids and enter the prokaryotic glycerolipid synthesis pathway or are exported as CoA 
thioesters to endoplasmic reticulum (ER) where they participate in glycerolipid synthesis 
via the eukaryotic pathway. The eukaryotic pathway serves as a precursor for the 
synthesis of phospholipids such as phosphatidylcholine (PC), phosphatidylethanolamine 
(PE) and phosphatidylinositol (PI) (Browse J. and Somerville C. R., 1991; Ohlrogge J. 
and Browse J., 1995). 
 
The ER and plastids undergo extensive exchange of lipid precursors and this includes 
diacylglycerol (DAG), which is synthesized by both prokaryotic and eukaryotic pathways 
and serves as a precursor for major plastidial galactolipids, monogalactosyldiacylglycerol 
(MGDG) and digalactosyldiacylglycerol (DGDG).  Exchange and trafficking of lipid 
precursors is therefore likely to require transport of these precursors across various 
cellular compartments. This process may either involve physical association between 
membranes (Moreau et al., 1998) or require proteins that can transport lipid precursors. 
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Acyl-CoA-binding proteins (ACBPs) are one such family of proteins that falls into the 
latter category (Kragelund et al., 1999). The Arabidopsis genome encodes six isoforms of 
ACBPs, which have been well characterized for their localization and substrate 
specificities (Xiao and Chye, 2009). ACBP1 and 2 are ankyrin-repeat containing 
membranous proteins present in the plasma membrane. ACBP3-6 are soluble proteins 
present and, except for ACBP3, which is present in the extracellular space, rest other 
ACBPs are cytosolic proteins.  
 
Lipid trafficking is likely to play an important role in cuticle development, since cuticle 
contains a complex mixture of very long chain FA derivatives formed upon elongation of 
plastidal FAs C16 and C18.  This study evaluates the role of ACBP’s in cuticle 
formation. We show that ACBP3, 4 and 6 are all required for normal development of 
cuticle, although only ACBP3 and 4 were required for normal lipid synthesis. I have also 
studied a defense-related role of ACBP3, 4 and 6 against microbial pathogens and 
showed that all their mutants are compromised in their defense against fungal as well as 
bacterial pathogens. 
 
Results  
Isolation of the ACBP knock-out mutants 
To determine if ACBPs played a role in FA/lipid flux, homozygous knock-out (KO) lines 
in ACBP3, ACBP4 and ACBP6 genes were characterizzed (these mutant lines were 
isolated by former postdoctor Dr. Ella Konnova). The proteins encoded by these ACBP’s 
are predicted to localize to cytoplasm (ACBP4 and 6) or extracellular (ACBP3) space 
(Xiao and Chye, 2009). The ACBP5 is also predicted to localize to cytoplasm but I was 
unable to obtain homozygous insertion lines for ACBP5. Lines carrying T-DNA 
insertions in ACBP3, 4 and 6 were first screened for homozygous mutant plants on the 
basis of genomic PCR and subsequently verified by RT-PCR (Figure 4.1).  As expected, 
plants homozygous for T-DNA insertion in ACBP3, 4 and 6 genes did not amplify 
detectable transcripts of the respective genes. All ACBP KO lines showed wt like 
morphological phenotypes. 
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The acbp3 and acbp4 plants are affected in lipid metabolism 
FA profiling showed wt-like FA profiles in all ACBP KO lines (Figure 4.2A). The ACBP 
KO lines also showed wt-like levels of long-chain FAs. In contrast to the FA profiles, 
both acbp3 and 4 plants showed a significant reduction in their total lipid levels while 
acbp6 accumulated wt-like levels of total lipids (Figure 4.2B). Analysis of individual 
lipid levels showed that MGDG and DGDG in major plastidial lipids in acbp3 plants 
were reduced (Figure 4.2C), in comparison acbp4 plants only showed a significant 
reduction in MGDG levels. Analysis of FA species present on MGDG and DGDG lipids 
showed that acbp3 plants were reduced in lipids that were either made in plastids (contain 
16:3 and 18:3 FAs) or exported from outside (both FA species are C18). In comparison, 
the acbp4 plants only showed a significant reduction in MGDG containing 16:3 and 18:3 
FAs (Figure 4.2D&E). Together, these results suggest that both ACBP3 and 4 are 
required for maintaining normal levels of lipids. Furthermore, since a mutation in ACBP3 
affected lipids synthesized in both plastidial and extraplastidial membranes, it is possible 
that ACBP3 contributed to lipid trafficking between prokaroyotic and eukaryotic 
pathways and/or trafficking of DGDG into other extraplastidial membranes.  
 
The acbp plants are defective in their cuticle 
Next, cuticular phenotypes were analyzed to determine if the altered lipid levels in acbp3 
and acbp4 plants impaired cuticle development. The acbp6 plants were also included in 
this analysis, since a defect in cuticle is not always associated with FA/lipid content (see 
Chapter 3). First, wt and acbp3 leaves were stained with toluidine blue, a hydrophilic dye 
that only penetrates leaves with permeable cuticles (Tanaka et al., 2004). Toluidine blue 
readily penetrated acbp3 leaves, staining these blue, but not wt plants, suggesting 
cuticular permeability (Figure 4.3A). Interestingly, toluidine blue also stained acbp4 as 
well as acbp6 leaves, although staining was less intense, particularly in the case of acbp6. 
Additionally, the adaxial surface of all acbp mutant plants appeared to stain more 
compared to the abaxial surface. These results correlated with water lost from the leaves 
when subjected to drought stress (Figure 4.3B); acbp3 lost more water followed by acbp4 
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and acbp6 plants.  Similarly, acbp3 showed highest leaching of chlorophyll followed by 
acbp4 and acbp6. 
 
To confirm that the cuticle is indeed impaired in acbp leaves, the outermost cell wall of 
the epidermis was analyzed by transmission electron microscopy (TEM). As expected, 
the cuticle of the wild-type leaf appeared as a continuous and regular electron-dense 
osmiophilic layer outside the cell wall (Figure 4.3C, marked by an arrow). In comparison, 
the cuticle of acbp4 and acbp6 mutants showed both electron dense as well as electron-
opaque regions. Strikingly, the cuticle of acbp3 plants was thin, highly irregular and 
electron-opaque. Scanning electron micrograph (SEM) analysis of wt and acbp leaf 
surfaces showed greatly folded adaxial surface in all acbp mutants (Figure 4.3D). In 
comparison, the abaxial surface did not appear altered. Next, SEM of the surface of wt 
and acbp stems was compared to determine if ACBPs were required for epicuticular wax 
crystalloid formation (Figure 4.3E). The structure and the density of the wax crystalloids 
on acbp4 and acbp6 plants were similar to that seen on the wt stems, suggesting that 
these acbp mutations did not impair stem cuticle. However, acbp3 stems showed a drastic 
reduction in structure as well as density of the wax crystalloids, suggesting that ACBP3 
was required for epicuticular wax crystalloid formation.  
 
To determine if this defect in cuticle structure was associated with alterations in the 
content and/or composition of cuticular waxes or cutin polyester monomers, levels of 
waxes and cutin monomers between wt and acbp leaves were compared. Notably, all 
acbp mutants showed a significant increase in FA (16:0), alkanes (C29, C31 and C33) 
and primary alcohols (C28-OH, C32-OH) compared to wt plants (Figure 4.4A). In 
contrast to cuticular wax, acbp3 and 4 plants showed greatly reduced levels of cutin 
monomers. The decrease was more pronounced in three major monomers, 16:0-, 18:1- 
and18:2-dicarboxylic acids (DCA). Although, the acbp6 showed a nominal increase in 
18:1-DCA and 16-OH-16:0 levels, levels of most other cutin monomers were similar to 
those of wt plants (Figure 4.4B). Together, these data suggest that mutation in ACBP3, 
ACBP4 and ACBP6 lead to varying levels of defect in cuticle. 
 89 
 
The acbp plants show compromised resistance to fungal and bacterial pathogens 
Since cuticle plays an important role in defense against fungal pathogens, I next 
evaluated the response of acbp3, acbp4 and acbp6 plants to the necrotrophic pathogen 
Botrytis cinerea and a hemibiotrophic fungal pathogen Colletotrichum higginsianum. 
Interestingly, all ACBP KO plants showed enhanced susceptibility to B. cinerea and C. 
higginsianum; spray and spot inoculations showed significantly larger lesions on ACBP 
KO leaves (Figure 4.5A & 4.5B). Similarly, all acbp mutant lines showed enhanced 
susceptibility to virulent as well as an avirulent pathogen expressing AvrRpt2 (Figure 
4.5C & 4.5D). Together, these data showed that mutation in acbp3, 4 and 6 impaired both 
basal as well as induced resistance to fungal and bacterial pathogens. This, together with 
the data shown in Chapter 3, indicates that cuticle permeability might be with the 
increased susceptibility to fungal pathogens. 
The acbp plants are compromised in SAR 
Data presented in Chapter 2 shows that an intact cuticle is required for normal systemic 
immunity in plants (Xia et al., 2009). To determine if defective cuticle in acbp plants 
affected systemic immunity, their ability to induce SAR was tested. The plants were first 
inoculated with MgCl2 or an avirulent strain of P. syringae (AvrRpt2) and 48 h later 
systemic leaves of all plants were challenged with a virulent strain of P. syringae 
(DC3000). The proliferation of virulent bacteria was monitored at 0 and 3 dpi. The wt 
plants, inoculated first with an avirulent strain, showed ~10-fold reduced growth of 
virulent bacteria compared to plants whose primary leaves were infiltrated with MgCl2 
(Figure 4.6A). In contrast, the acbp plants showed only ~1-1.5 fold reduction in the 
growth of virulent bacteria at 3 dpi, when pre-exposed to avirulent bacteria. Thus, all 
acbp mutants plants were defective in SAR. 
 
I next assessed whether ACBPs contributed to mobile signal generation or perception in 
the SAR response. I evaluated the response of wt and acbp3, acbp4 and acbp6 plants to 
vascular exudates collected from pathogen-inoculated wt or respective mutant leaves. 
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The wt, acbp3, acbp4 and acbp6 leaves were infiltrated with MgCl2 or AvrRpt2 bacteria 
and vascular exudates collected from the inoculated leaves were injected into the leaves 
of a fresh set of wt or acbp3, acbp4 and acbp6 plants. Distal leaves of the exudate-
infiltrated plants were then inoculated with virulent bacteria and proliferation of virulent 
bacteria monitored at 0 and 3 dpi. As expected, exudates from AvrRpt2-infected wt plants 
conferred protection against virulent pathogen in wt plants. Similarly, exudates from 
AvrRpt2-infected wt plants also conferred protection against virulent pathogen in acbp3, 
acbp4 and acbp6 plants. These results suggest that acbp mutant plants are able to 
perceive the mobile signal and induce systemic immunity. However, unlike wt, exudates 
from AvrRpt2-infected acbp3, acbp4 or acbp6 plants were unable to confer resistance 
against virulent pathogen in wt plants or themselves (Figures 4.6B-4.6D). Together, these 
data suggest that acbp3, 4 and 6 mutants are defective in the generation of the mobile 
signal but not its perception.  
 
Discussion 
The Arabidopsis genome encodes six acyl-CoA binding proteins (ACBPs), which 
localize to different cellular compartments. This study evaluated the defense related roles 
of ACBP3, 4 and 6 genes, which are well known to bind FA-CoA (Xiao and Chye, 2009) 
and perhaps involved in their transport. Impaired lipid levels in acbp3 and acbp4 plants 
suggest that these play a role in maintaining normal levels of lipids. Interesting, mutation 
in both acbp3 and acbp4 affect MGDG levels, a major plastidial lipid. Further more, a 
mutation in acbp3 also decreased DGDG levels, which is the second most abundant-
plastidial lipid. Both prokaryotic and eukaryotic pathways contribute to the synthesis of 
DGDG and contributions of these pathways can be distinguished based on FA species 
present on DGDG. Interestingly, acbp3 plants showed significant reduction in DGDG 
derived via eukaryotic pathway, which contained 18:3 FA species. These results suggest 
that ACBP3 may be involved in transport of DAG, which serves as a precursor for 
DGDG synthesis from eukaryotic pathway to prokaryotic pathways. 
Interestingly, mutations in ACBP3, 4 and 6, which localize to extracelluar space (ACBP3) 
and cytosol (ACBP 4 and 6) resulted in defective cuticle formation. Notably, cuticular 
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development was more severely affected in acbp3 mutant plants. Futhermore, mutation in 
acbp3 but not acbp4 or acbp6, also compromised development of epicuticular wax 
crystalloid formation. These data suggest that ACBP3 is required for normal development 
of cuticle in leaf as well as stem. A defect in cuticle further correlated with increased 
susceptibility to bacterial and fungal pathogens. In addition, acbp3, 4 and 6 mutants were 
also compromised in SAR. However, unlike other cuticle defective mutants (like acp4, 
gl1 and dgd1), acbp3 plants were able to perceive SAR mobile signal but unable to 
generate it. One possibility is that perception of the mobile signal might be dependent on 
the extent of cuticular damage; the cuticle in acp4, gl1, and dgd1 appear more severely 
damaged compared to acbp mutants. An alternate possibility is that generation and /or 
perception of the SAR signal might be dependent on the levels of yet unidentified 
cuticualr component. More work will be required to elucidate the exact role of cuticle and 
cuticular components in perception and generation of the mobile signal. 
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Figure 4.1. RT-PCR analysis showing ACBP transcript levels in wild-type (Col-0) and 
acbp3 (A), acbp4 (B) and acbp6 (C) mutant plants. The level of β-tubulin was used as an 
internal control to normalize the amount of cDNA template. 
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Figure 4.2. 
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Figure 4.2. FA and lipid levels in ACBP KO plants. (A) Levels of FAs in four-week-
old Col-0 and acbp mutant plants. The values are presented as means of 6-8 replicates. 
FW indicates fresh weight. (B) Total lipid levels in Col-0 and acbp mutant plants. The 
error bars represent SD. Asterisks denote a significant difference with Col-0 (t test, 
P<0.05). DW indicates dry weight. (C) Profiles of total lipids extracted from Col-0 and 
acbp mutant plants. The values are presented as means of 5 replicates. The error bars 
represent SD. Symbols for various components are: DGDG, digalactosyldiacylglycerol; 
MGDG,monogalactosyldiacylglycerol;PG,phosphatidylglycerol;PC, phosphatidylcholine; 
PE, phosphatidylethaloamine; PI, phosphatidylinositol; PS, phosphatidylserine; PA, 
phosphatidic acid. (D) & (E) FA species present in MGDG and DGDG lipids. 
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Figure 4.3. 
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Figure 4.3. Evaluation of cuticle-associated phenotypes in acbp mutant plants. (A) 
Toluidine blue-stained leaves from four-week-old leaves of indicated genotypes. (B) 
Measurement of water loss from the leaves subjected to drought conditions for 4 days.  
(C) Transmission electron micrographs showing the cuticle layer on the adaxial surface 
of leaves from indicated genotypes. Arrow indicates electron-opaque region. CW 
indicates cell wall (scale bars, 50 nm). (D) Scanning electron micrographs showing 
adaxial surface of leaves from indicated genotypes (first two panels, scale bars, 200 µM). 
(E) Scanning electron micrographs showing epicuticular wax crystalloids on the surface 
of wt or acbp stems (scale bars, 20 µM). 
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Figure 4.4. 
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Figure 4.4. Biochemical profiles of cuticular wax and cutin monomers in acbp 
mutant plants. (A) Analysis of wax components from leaves of four-week old Col-0 and 
acbp plants. C16:0-C30:0 are FAs, C25-C33 are alkanes, C26-OH-C32-OH are primary 
alcohols. (B) Analysis of lipid polyester monomer content of four-week-old Col-0 and 
acbp plants. Error bars in A and B represent SD. Symbols for various components are: 
16:0-DCA, 1,16-hexadecane dioic acid; 16-OH-16:0, 16-hydroxyhexadecanoic acid; 
10,16-OH-16:0, 10,16-dihydroxyhexadecanoic acid; 18:0-DCA, 1,18-octadecane dioic 
acid; 18:1-DCA, 1,18-octadecene dioic acid; 18:-OH-18:1, 18-hydroxyoctadecenoic acid, 
18:2-DCA, 1,18-octadecadiene dioic acid; 18-OH-18:2, 18-hydroxyoctadecadienoic acid; 
18-OH-18:3, 18-hydroxyoctadecatrienoic acid. 
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Figure 4.5. 
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Figure 4.5. Response of acbp plants to fungal and bacterial pathogens. (A) Disease 
symptoms on indicated genotypes spot-inoculated with water or 106 spores/ml of C. 
higginsianum or B. cinerea. (B) Lesion size in spot-inoculated genotypes. The plants 
were spot-inoculated with 106 spores/ml of C. higginsianum and the lesion size was 
measured from 20-30 independent leaves at 6 dpi. Statistical significance was determined 
using Students t-test. Asterisks indicate data statistically significant from that of control 
(Col-0) (P<0.05).  Error bars indicate SD. (C) Growth of virulent P. syringae on leaves 
from Col-0 or acbp mutant plants. (D) Growth of avirulent (AvrRpt2) P. syringae strains 
on Col-0 or acbp mutant plants. 
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Figure 4.6. 
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Figure 4.6. SAR response and responsiveness of acbp plants to petiole exudates. (A) 
SAR response in Col-0 and acbp plants. (B) SAR response in Col-0 and acbp3 plants 
infiltrated with exudates collected from Col-0 or acbp3 plants that were treated either 
with MgCl2 or AvrRpt2. (C) SAR response in Col-0 and acbp4 plants infiltrated with 
exudates collected from Col-0 or acbp4 plants that were treated either with MgCl2 or 
AvrRpt2. (D) SAR response in Col-0 and acbp6 plants infiltrated with exudates collected 
from Col-0 or acbp6 plants that were treated either with MgCl2 or AvrRpt2. 
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CHAPTER 5 
 
MATERIALS AND METHODS 
 
Plant growth conditions  
Plants were grown in MTPS 144 Conviron (Winnipeg, MB, Canada) walk-in chambers at 
22 OC, 65% relative humidity and 14 h photoperiod.  
 
Plant genetic analysis 
The suppressor screen was carried out by transforming ssi2 plants with the binary vector 
pBAR1 and the T2 plants were screened for wt-like morphology. The ssi2 acp4 plants 
were backcrossed twice and subsequently used for an outcross with the Columbia (Col-0) 
ecotype. A cross between ssi2 acp4 and Col-0 segregated acp4 and ssi2 acp4-like plants 
and these were distinguished based on the smaller morphology of the ssi2 acp4 plants. 
Both acp4 and ssi2 acp4-like F2 plants were used for mapping studies separately.  
 The SALK insertional line 111501 was screened for the presence of mutant containing a 
T-DNA insertion in the ACP5 gene. The acp5 ssi2 plants were obtained by crossing acp5 
with ssi2. The ACP5 gene-specific primers and a left border primer (Table Appendix-B) 
were used to identify the acp5-homozygous plants. 
 
Complementation analysis 
A ~3.2 kb region encompassing the ACP4 coding region was amplified from Col-0 
genomic DNA using XbaI- and SacI- linkered primers (Table Appendix-B) and cloned 
into the pBAR1 binary vector. The binary vector was transformed into acp4 and ssi2 
acp4 plants using the floral dip method (Clough and Bent, 1998). The transgenic plants 
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were selected on soil sprayed with 1% herbicide Basta (Farnam Companies. Inc, USA). 
Genotype analysis of T-DNA insertion within At4g25050 was carried out using gene-
specific and T-DNA left border specific primers (Table Appendix-B). 
A ~3.5 kb region encompassing FAD7 coding region was amplified from Col-0 genomic 
DNA using BamHI and XbaI linkered primers, AAATTCATGCGGAATCAGAGAACG 
and TCTATGTTTCCGATACTGAAGC, respectively, and cloned into the pBAR1 binary 
vector. After confirmation of the DNA sequence, the binary vector was transformed into 
fad7-1 plants using floral dip method (Clough and Bent, 1998). The transgenic plants 
were selected on soil sprayed with 1% herbicide Basta (Farnam Companies. Inc, USA). 
The complementation was confirmed by FA and genotype analysis of the T1 plants and 
by analyzing the segregation of FA phenotypes in the T2 generation. The  fad7-1 
mutation was identified as a C to T transition that converted the amino acid at position 
253 from proline to leucine. The coding region of FAD7 was amplified by primers 
ATGGCGAACTTGGTCTTATCAGAA and GAGGTCAAAGTAAGAGCAGATTGA. 
Genomic CAPS for the fad7-1 was performed by amplifying a 481 bp fragment using 
primers GAGGAGTCTCCATTGGAGGAA and CATGTTGCTAGTAGACCAACCC, 
and then digested with enzyme Sau3AI. 
 
Histochemical GUS analysis 
An 856 bp portion of the ACP4 promoter region was amplified by PCR using linkered 
primers containing restriction sites for HindIII and XbaI (Table Appendix-B) and cloned 
upstream of a GUS-coding region in the vector pBI121. The resulting plasmid was 
transformed into Arabidopsis (Col-0) and the T1 seeds were selected on 50 µM 
kanamycin in MS medium. The tissues from T2 transgenic plants were placed in the GUS 
substrate containing 50 mM sodium phosphate, pH 7.0, 0.1% Triton X-100 and 1 mM X-
Gluc. After a 5 min vacuum infiltration the samples were placed in a 370C incubator.  
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DNA extraction 
The plant leaf tissues were collected into microfuge tubes and frozen in the liquid 
nitrogen. The frozen tissues were ground with a pestle. The extracts were suspended in 
150 µl of extraction buffer containing 200 mM Tris pH 8.0, 25 mM EDTA pH 8.0, 1% 
SDS, 250 mM NaCl. The homogenate was extracted with 75 µl of phenol-chloroform-
isoamyl mixture (25:24:1), mixed by turning upside-down and centrifuged at 12000 rpm 
for 10 min. The upper aqueous phase was carefully removed into new microfuge tubes 
and precipitated with 100 µl isopropanol, thoroughly mixed and centrifuged 10 min at 
12000 rpm. The DNA pellet was suspended in 20-40 µl of TE (Tris:EDTA 10:1, pH 8.0) 
and used for genotyping. 
 
RNA extraction, RT-PCR (Reverse Transcriptase-Polymerase Chain Reaction) and 
Northern analyses 
 Small-scale extraction of RNA from one or two leaves was performed in the TRIzol 
reagent (Invitrogen, Gaithersburg, MD) following the manufacturer’s instructions. 50-
100 mg of plant tissue were frozen in liquid nitrogen, thoroughly ground in 1 ml of 
TRIzol and extracted with  200 µl of chloroform. The homogenate was incubated at room 
temperature for 5 min and centrifuged at 12,000 rpm for 16 min. The aqueous phase was 
transferred to a fresh tube and RNA was precipitated with 500 µl isopropanol.The RNA 
pellet was collected upon centrifugation at 12,000 rpm for 12 min and washed with 70% 
ethanol. The RNA was air-dried and suspended in an appropriate amount of RNAase-free 
DEPC-treated water. The RNA was quantified using a spectrophotometer and 7 µg of 
total RNA was electrophoresed on 1.5% agarose gel containing 3% formaldehyde and 1X 
MOPS. MOPS buffer was prepared by mixing 4.18 g MOPS, 680 mg NaOAc, 37 mg 
EDTA in 1 L sterile water and adjusted to pH 7.0. Before loading, 7 µg RNA was mixed 
with 15 µl denaturation mixture that contained 10 µl of 1 mg/ml ethidium bromide, 10 µl 
10XMOPS, 35 µl formaldehyde and 100 µl formamide), denatured at 65 oC for 15 min, 
chilled on ice for 5 min and mixed with 2µL of RNA loading dye (50% glycerol, 1 mM 
EDTA, 0.4% bromophenol blue and 0.4% xylene cyanol).  
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      For cDNA synthesis, 3-7 µg RNA was mixed with 1 µg of oligo dT17 primer, 4 µl of 5 X 
buffer (Invitrogen), 2µl of 0.1M DTT, 1µl of 10 mM dNTP stock, 1µl of RNAase inhibitor 
(Promega), 1µl of Superscript II (Invitrogen) and incubated at 42oC for 1-2 hrs.  
 
For northern analyses, the RNA which had been fractionated on an agarose gel was 
transferred to Hybond nylon membrane by putting upside down on the member overnight 
(GE Healthcare). After overnight transfer, the membrane was removed and RNA was 
fixed using ultraviolet cross-linker (UVP). The membrane was washed in 2 x SSC for ~ 
20-30 min, dried at 65oC and used for hybridization. 
 
For hybridization, membrane was placed inside glass bottle and incubated in a solution 
containing sodium phosphate (pH 7.0), sheared salmon sperm DNA (100 µg/mL), 7% 
SDS and 1.25 mM EDTA. The glass bottle was constantly rotated using an oven set at 65 
oC. 
 
 Synthesis of probe and hybridization 
For DNA probe synthesis, 50-100 ng of PCR- or gel- Purified DNA was denatured by 
boiling for 10 min and, to this, 12 µl of labeling mixture, containing hexanucleotide 
primer mixture, dATP, dGTP, dTTP, BSA and Klenow fragment (2000U/ml) as well as  
50 µCi  α-32P-dCTP  were added. The reaction was incubated at 37 oC in a water bath for 
1-2 hrs. The radiolabeled probe was purified by using a MicroSpin G-50 sephadex 
column (GE Healthcare). The labeled DNA was denaturated using 2 M NaOH, and then 
neutralized using 1 M Tris (PH=7.5).  
 
The denatured probe was added to the hybridization bottle containing the transferred–
RNA membrane and the bottle was rotated in an oven set at 65 oC for 12-16 hrs. After 
hybridization, the membrane was washed twice with 2 X SSC, 0.5 % SDS and once with 
0.2 X SSC, 0.1% SDS. The membrane was exposed using a Storage Phosphor Screen 
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(Amersham Biosciences) and scanned on a Typhoon 9400 Variable Mode Imager (GE 
Healthcare). The signal intensity was quantified using ImageQuant TL V2005 software.  
  
Sequencing  
The equencing reaction was carried out in a 10 µl volume, containing ~50 ng  template, 2 
µl of 5 X Buffer, 1 µl, Big Dye V 3.1 (Applied Biosystems, USA) and 1 µl of 5 µM 
primer. The reaction product was precipitated, washed with cold 70% ethanol and air-
dried. The final product was sent for sequencing at the Advanced Genetic Technologies 
Center (AGTC) of  the University of Kentucky. 
 
Bacterial transformation 
 A heat-shock method was used for bacterial transformations. The competent 
DH10B/DH5α cells were mixed with DNA and incubated on ice for 30 min. The mixture 
was placed in a water bath set at 42 0C for 90 sec and immediately chilled on ice for 5 
min. To this, 1 ml of sterile LB was added and the cells were incubated at 37 oC in a 
water bath for 1 h. 100 µl of cells were spread on the plate containing appropriate 
antibiotic and the plate was kept upside down at 37 oC incubator. 
 
 
Arabidopsis transformation 
Agrobacterium tumefaciens was cultured overnight in 500 ml LB and centrifuged for 20 
min at 6,000 rpm to pellet cells. The pellet was dissolved in transformation solution (one 
liter contained 2.15 g Murashige and Skoog (MS) basal salt mixture, 30 g sucrose (3%), 
0.5 mL of Silwett –77, sterile, and the solution was adjusted to a pH 5.7 by 1 M KOH) . 
The transformation solution was added to square containers and plants were immersed 
(pot upside-down) into the solution. Two pots/containers were placed inside a dessicator 
and infiltrated under vaccum. After ~5-7 min, the pots were removed and the plants were 
rinsed gently under tap water. The transformed plants were placed under a dome for 12- 
24 h after which the plants were allowed to seed.  
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Trypan blue and Toluidine blue stainings 
For trypan blue staining, leaf samples were vacuum-infiltrated with trypan blue stain (40 
ml volume contained 10 ml acidic phenol, 10 ml glycerol, 20 ml sterile water and 10 mg 
of trypan blue). After infiltration, the leaf samples were placed in an 80 oC heated water 
bath for 2-5 min and subsequently incubated at room temperature for 2-12 h. The samples 
were destained with chloral hydrate (25 g/10 ml sterile water), the leaves were mounted 
on slides and observed for cell death under a compound microscope. The samples were 
photographed by using AxioCam camera (Zeiss, Germany) and images were analyzed 
using Openlab 3.5.2 (Improvision, Germany) software. 
 
      Toluidine blue staining was carried out as described earlier (Tanaka et al., 2004). The 3- 
or 4-week-old plant leaves were immersed in 0.05% (w/v) toluidine blue (Sigma, USA) 
for 1-10 min and washed gently with water. 
 
 
SA, JA, FA and lipid analyses 
SA and SA glucoside (SAG) were extracted and measured from ~ 0.3 g of leaf tissues, 
using anisic acid as an internal standard.  Samples were analyzed on an Agilent 1100 with 
DAD and FLD detection, using a Novapak C18 column. SA estimations were carried out 
by Dr. Duroy Navarre at USDA-ARS, Prosser, Washington.  
 
FA analysis was done by placing leaf tissue in 2 ml of 3% H2SO4 in methanol. After a 30 
min incubation at 80 0C, 1 ml of hexane with 0.001% butylated hydroxytoluene (BHT) 
was added. The hexane phase was then transferred to vials for gas chromatography (GC). 
One-microliter samples were analyzed by GC on a Varian FAME 0.25 mm x 50 m 
column and quantified with flame ionization detection. For quantification of FAs, leaves 
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(50 mg) were extracted together with the internal standard (19:0) and the relative levels 
were calculated based on flame ionization detector peak areas. 
 
For JA extraction, leaves (1g) were ground in liquid nitrogen and extracted in 100% 
methanol using dihydro-JA (DJA) as an internal standard. The extract was acidified to pH 
≤ 4 with 1M HCl and passed through tC-18 Sep-Pak columns, which were pre-
equilibrated with 75% methanol containing 0.2% Acetic acid. The column-purified 
extract was saturated with sodium chloride and re-extracted in diethyl ether. The ether 
extract was completely dried under nitrogen gas and methylated using diazomethane. The 
oxylipins were solublized in 0.5 ml hexane, dried to ~10 µl under a gentle stream of 
nitrogen and 1µl was injected into gas chromatograph attached to a electron ionization 
detector (Hewlett Packard, GCD Systems). The JA peaks were identified using mass 
spectrometry. For quantitative analysis of JA, the mass spectrometer was run in selective 
ion monitoring (SIM) mode for m/z 224 and 226. The ratio of m/z 224 to 226 in the peak 
area (retention time between 9.5 min to 11.0 min) was used to calculate the JA levels 
based on the amount of m/z 224 and 226 generated by standard JA, DJA and their equal 
level mixture. 
 
For JA levels in vascular exudates, samples were extracted using a solution containing 
glacial acetic acid, methanol, chloroform and potassium chloride (0.9%) (1:4:8:8, vol/vol) 
and 17:0 as an internal standard. The lower phase was dried under nitrogen and samples 
were derivatized using diazomethane, suspended in MTBE, dried again under nitrogen 
and resuspended in acetonitrile. Samples (1ml) were injected into GC-MS as described 
above.  
 
For lipid extraction, six to eight leaves were incubated at 75 0C in isopropanol containing 
0.001% BHT for ~15 minutes. To this, 1.5 ml chloroform and 0.6 ml water was added 
and the samples were agitated at room temperature for 1h. The lipids were re-extracted in 
chloroform: methanol (2:1) until the leaves were bleached. The aqueous content was 
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removed by partitioning with 1M KCl and water. The lipid extract were dried under a 
gentle stream of nitrogen gas and re-dissolved in 0.5 ml of chloroform. Lipid analysis and 
acyl group identification was carried out using the automated electrospray ionization-
tandem mass spectrometry facility at Kansas Lipidomics Research Center (Manhattan, 
KS, USA). 
 
SA, BTH, Glycerol, GA and JA treatments 
Glycerol (VWR or Invitrogen, USA), JA (Sigma, USA) and SA (Sigma, USA), BTH 
(CIBA-GEIGY Ltd), GA4/7 (Sigma, USA) treatments were carried out by spraying 10-
50 mM, 50 μM, 500 μM, 100 μM , 200 μM solutions, respectively, prepared in sterile 
water. JA treated plants were covered with a transparent plastic dome to maximize 
exposure to JA. 
 
Pseudomonas syringae infection and collection of phloem exudates 
 Inoculations of Pseudomonas syringae DC 3000 or AvrRpt2/AvrRps4 were conducted as 
described before (Kachroo et al., 2005). Single colony of bacterial strain were grown 
overnight in 10 mL King’s B medium in 29oC (for 1 liter broth, 20 g Peptone, 10 ml 
glycerol, 1.5 g K2HPO4, 1.5 g MgSO4.7H20, pH 7.5; for plate 15 g agrose were added) 
with antibiotics rifampicin and kanamycin (Sigma, USA). The bacterial cells were 
harvested by centrifugation (CF) at 3,000 rpm for 10 min, then washed and suspended in 
10 mM MgCl2 twice. The cells were diluted to a final density of 105 CFU/ml measured by 
using a spectrophotometer at 600 nm wavelength. The bacterial suspension was injected 
into the abaxial surface of the leaf using a needle-less syringe. Three leaf discs from the 
inoculated leaves were taken at 0, 3 or 6 dpi. The leaf discs were ground and 
homogenized in 10 mM MgCl2, diluted 104 fold and plated on King’s B plates. The plates 
were kept at 29oC and the colonies were counted after 2 days. 
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For analysis of SAR, the primary leaves were inoculated with MgCl2 or the avirulent 
bacteria (107 cfu mL-1 ) and 48 h later the systemic leaves were inoculated with virulent 
bacteria (105 cfu mL-1). Unless noted otherwise, samples from the systemic leaves were 
harvested at 3 and 6 dpi. The reduced growth of the virulent pathogen in plant systemic 
leaves is the indicator of SAR. 
 
Colletotrichum higginsianum and Botrytis cinerea infection 
Colletotrichum higginsianum Sacc. (IMI 349063) was obtained from CABI Biosciences 
(Egham, Surrey, United Kingdom) and maintained on oat meal agar (Difco, USA) or 
potato dextrose agar (PDA) at 23oC. The 2-3 week old spores were harvested by agitating 
mycelia in sterile water and the spores were filtered through four layers of cheesecloth. 
The spores were centrifuged at 3,000 rpm for 10 min and re-suspended in sterile water. 
The spore concentration was measured by using a hemocytometer and diluted to 105 or 
106 spores/mL. The plants were inoculated either by spray (105 spores/mL) or spot with 
5-10 ul (106 spores/ml) per leaf. The inoculated plants were covered with a transparent 
plastic dome and transferred to a Conviron PGV36 walk-in chamber. Disease symptoms 
were checked at 3-12 dpi. For the spray-inoculated leaves, disease severity was assessed 
based on the presence and level of necrotic lesions on the leaves. For the spot-inoculated 
leaves, the disease level was assessed by measuring the lesion size using a digital Vernier 
caliper. Each experiment was repeated at least twice and each included 30-50 individual 
plants. Statistical significance was determined using Student’s t-test. 
 
The Botrytis cinerea strain was provided by Dr. Bart Thomma, Laboratory of 
Phytopathology, Wageningen University, The Newtherlands. The strain was maintained 
on V8 medium (1 liter medium contatined 200 mL of V8 juice, 3 g CaCO3, 15 g agar, 
and the pH was adjusted to 7.2) at 23oC. Conidia of Botrytis cinerea were harvested and 
inoculated on the plants as described above. The inoculated plants were covered with a 
transparent plastic dome and transferred to a Conviron PGV36 walk-in chamber. Disease 
symptoms were checked at 3-12 dpi. For the spray-inoculated leaves, disease severity 
was assessed based on the presence and level of necrotic lesions on the leaves. For the 
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spot-inoculated leaves, the disease level was assessed by measuring the lesion size using 
a digital Vernier caliper. Each experiment was repeated at least twice and each included 
30-50 individual plants. Statistical significance was determined using Student’s t-test. 
 
Collection of phloem exudate 
Leaf exudate was collected as described (Maldonado et al., 2002). The plants were 
induced for SAR by inoculation with P. syringae containing AvrRpt2 (106 CFU/ml). 
Twelve to twenty-four hours later, petioles were excised, surface sterilized in 50% 
ethanol, 0.0006% bleach, rinsed in sterile 1 mM EDTA and submerged in ~1.9 mL of 1 
mM EDTA and 100 µg ml-1 ampicillin. Exudates were collected after 48 h and infiltrated 
into healthy wt and mutant plants. Infiltrated leaves were harvested after two days for 
PR-1 gene expression studies. For SAR studies, a virulent pathogen was inoculated in the 
distal leaves two days after infiltration of exudate. 
 
Microscopy, chlorophyll leaching and water loss 
For SEM (scanning electron microscopy) analysis both abaxial and adaxial surface of the 
leaf samples was mounted on sample holder with 12 mm conductive carbon tabs (Ted 
Pella Inc.), sputter-coated with gold-palladum and observed on a Hitachi S-3200 SEM 
with and without backscatter detector at 5 and 20 kV. 
 
For TEM (transmission electron microscopy) analysis, leaves were fixed in 
paraformaldehyde and embedded in epon-araldite. Leaves were sectioned on a Reichert-
Jung Ultracut E microtome with a Diatome diamond knife and observed under a Philips 
Tecnai Biotwin 12 TEM. 
 
For chlorophyll leaching assays, 100 mg of leaves were weighed and gently agitated, in 
dark, at room temperature, in tubes containing 80% ethanol. Absorbance of each sample 
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was measured at 664 and 647 wavelength and micromolar concentration of total 
chlorophyll per gram of fresh weight was calculated using the formula: total micromoles 
chlorophyll = 7.93 (A664) + 19.3 (A647). 
For water loss measurements, four-week-old plants were either subjected to drought  
or kept moist. The leaf weight was measured from ~50 leaves. 
 
Analysis of wax and cutin components  
For analysis of the wax component, 500 mg of four-week-old leaves were immersed in 
10 ml of chloroform for 10 s. An internal standard (100 μg of n-tetracosane) was added 
and the samples were derivatizated using 100 μl of N,O-bis(trimethylsilyl) 
fluoroacetamide (BSTFA) in 100 μl of pyridine and the sealed tubes were incubated for 
60 min at 90 oC. The samples were dried under a gentle stream of nitrogen and dissolved 
in 1 ml of hexane. Samples (1 μl) were injected into an GC HP-5 column and detected  
by the flame ionization detector. The same samples were also run on an HP-5 column (30 
m x 0.25 mm x 0.25 mm film thickness) on a GC equipped with mass spectrometer (MS). 
Various components were identified based on their retention time as compared to 
standards and by MS analysis. Quantification was based on flame ionization detector 
peak areas , with the internal standard tetracosane having been added prior to 
derivatization.  
Cutin monomer composition and content were determined using a sodium methoxide-
catalyzed transmethylation method followed by acetylation of the hydroxyl groups with 
acetic anhydride and GC-MS slightly modified from previously described (Molina et al., 
2006). After methanolysis, the methylene dichloride extract of cutin monomers was 
washed with 0.9% potassium chloride instead of 0.5 M sodium chloride. For GC-MS 
analysis, the HP-5 capillary column used was as described for the wax analysis with 
helium carrier gas at 1 ml min-1. The mass spectrometer was run in scan mode over 35-
450 amu (electron impact ionization). 
 
 
Copyright © Ye Xia 2010 
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APPENDIX-A 
LIST OF ABBREVIATIONS 
Acronym/ 
abbreviation 
Expansion 
L/mL/mL Liter/ milliliter/ microliter 
M/mM/mM Molar/millimolar/ micromolar 
g/mg/mg/ng Gram/ milligram/ microgram/ nanogram 
h/min/sec Hours/minutes/seconds 
Rh Relative humidity 
oC Degree centigrade 
16:0 Palmitic acid 
16:3 Hexadecatrienoic acid 
17:0 Margaric acid 
18:0 Stearic acid 
18:1 Oleic acid 
18:2 Linoleic acid 
18:3 Linolenic acid 
19:0 Nonadecanoic acid 
AA Acetic acid 
BHT Butylated hydroxy toluene 
BTH Benzo[1,2,3]thiadiazole-7-carbothioic Acid S-Methyl Ester 
CAPS Cleaved Amplified Polymorphic Sequences 
CF Centrifuge 
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dATP Deoxyribo adenosine triphosphate 
dCAPS Derived Cleaved Amplified Polymorphic Sequences 
dCTP Deoxyribo cytosine triphosphate 
DEPC Diethyl pyrocarbonate 
dGTP Deoxyribo guanidine triphosphate 
DHAP Dihydroxyacetone phosphate 
DJA Dihydro jasmonic acid 
dNTP Deoxyribo nucleic triphosphate 
dpi Day post inoculation 
DPT Day post treatment 
DTT Dithiothreitol 
DW Dry weight 
EDTA Ethylene diamine tetra acetic acid 
FA Fatty acid 
FAME Fatty acid methyl ester 
FW Fresh weight 
G3P Glycerol-3-phosphate 
GC Gas chromatography 
HCl Hydrochloric acid 
JA Jasmonic acid 
K2HPO4 Potassium phosphate, dibasic 
KCl Potassium chloride 
LB Luria-Bertani 
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MeSA Methyl salicylic acid 
MeJA Methyl jasmonic acid 
MgCl2 Magnesium chloride 
MgSO4 Magnesium sulfate 
MOPS 3-(N-morpholino)propanesulfonic acid 
MTBE Methyl-Tert-Butyl Ether  
NaCl Sodium chloride 
NaOAc Sodium acetate 
NaOH Sodium hydroxide 
NaPO4 Sodium phosphate 
NPT Neomycin phospho transferase 
PCR Polymerase chain reaction 
R Resistant or resistance 
SA Salicylic acid 
SAG Salicylic acid Glucoside 
SD Standard deviation 
SDS Sodiumdodecyl sulfate 
SE Standard error 
SSC Sodium chloride, sodium citrate 
TBE Tris-borate/ EDTA electrophoresis buffer 
TE TRIS-EDTA 
TRIS Hydroxymethyl Aminomethane 
wt wild-type 
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APPENDIX-B 
LIST OF ABBREVIATIONS OF GENES USED IN THIS STUDY 
 
Acronym/ 
abbreviation 
Expansion 
ACBP3 Acyl-CoA Binding Protein 3 
ACBP4 Acyl-CoA Binding Protein 4 
ACBP6 Acyl-CoA Binding Protein 6 
ACP1 Acyl Carrier Protein 1 
ACP2 Acyl Carrier Protein 2 
ACP3 Acyl Carrier Protein 3 
ACP4 Acyl Carrier Protein 4 
ACP5 Acyl Carrier Protein 5 
CER1 Ecerifeerum 1 
CER3 Ecerifeerum 3 
CER4 Ecerifeerum 4 
DGD1 Digalactosyldiacylglycerol Synthase 1 
FAD 1 Fatty Acid Desaturase 1 
FAD 2 Fatty Acid Desaturase 2 
FAD 3 Fatty Acid Desaturase 3 
FAD 4 Fatty Acid Desaturase 4 
FAD 5 Fatty Acid Desaturase 5 
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FAD 6 Fatty Acid Desaturase 6 
FAD 7-1 Allele #1 of Fatty Acid Desaturase 7 
FAD 7-2 Allele #2 of Fatty Acid Desaturase 7  
FAD7 FAD8 Fatty Acid Desaturase 7 and 8 double  
GL1 Glabra 1 
GL3 Glabra 3 
LACS2 Long Chain Acyl-CoA Synthetase 2 
LACS9 Long Chain Acyl-CoA Synthetase 9 
RPM1 
Resistance to Psudomonas syringae pv 
maculicola  1 
RPP1 Recognition of Peronospora parasitica 1 
RPS2 Resistance to Psudomonas syringae 2 
RPS4 Resistance to Psudomonas syringae 4 
SSI4 Suppressor of Salicylic Acid Insensitivity 
of npr1-5, 4 
TTG1 Transparent Testa Glabra1 
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APPENDIX-C 
LIST OF PRIMERS  
Name Primer Sequence Purpose  
NPT 
(Kan) 
CAA GAT GGA TTG CAC GCA GGT 
GCT CTT CAG CAA TAT CAC GGG 
Genotyping  
HPT 
(Hyg) 
ACC TAT TGC ATC TCC CGC CGT 
CCG GAT GCC TCC GCT CGA AGT 
Genotyping  
 
PDF1.2 
AAT GAG CTC TCA TGG CTA AGT TTG CT 
AAT CCA TGG AAT ACA CAC GAT TTA GC 
 
PCR 
 
β-tubulin 
CGT GGA TCA CAG CAA TAC AGA GCC 
CCT CCT GCA CTT CCA CTT CGT CTT C  
 
RT-PCR 
 
 
SSI4 
 
CTC AAG AGA GTA TGC TTC TCT TTC- 
 CAT AAC CC 
CTG GTT TGG TCT TCA TGA GAC TCC 
ATGAG 
 
 
RT-PCR 
RPS2 
 
ATG GAT TTC ATC TCA TCT CTT 
TAT AAT CTC CGC GAG CCG GCG 
 
RT-PCR 
RPS4 
 
ATG GAG ACA TCA TCT ATT TCC ACT G 
AAT TCC GGG CAT CCC AAC AAC TCC A 
 
RT-PCR 
RPM1 
 
GCA TAC ATG GGA CCT AGG TTG CGT TTT 
GCA-CAA GG 
GCC TTG GCC GCC TAA GAT GAG AGG 
CTC AC 
RT-PCR 
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RPP1 
 
GTG GAG CTC CCC GCT ATC GAG AAT 
GCG AC 
GCA AGG GAA TCT GGA AGT TGG GGG 
AGT GAT- ACC 
RT-PCR 
T-DNA 
Left 
Border-
LBB1 
GCGTGGACCGCTTGCTGCAACT Genotyping 
ACP4-
Fwd 
TGTTCTAGAGGATTTCATGAGATGCAAA
ATTGA 
Genotyping and 
sequencing 
ACP4- 
Rev 
TGTGAGCTCTACCATTACGAAATTGGAG
GATTAG 
Genotyping and 
sequencing 
At4g2505
0 (Gene 
specific 
primer) 
 
CCCTACTTGATACTACCCAACTCACC 
Genotyping and 
sequencing 
acp4-T-
DNA-Left 
Border 
primer 
 
GGCCGAGTTGGCTATGTTCTG 
 
Genotyping  
ACP4-
promoter-
Fwd 
GGTAAGCTTGGATTTCATGAGATGCAAA
ATTGATT 
GUS-
histochemical 
staining 
ACP4-
promoter-
Rev 
CCTCTAGAGAAGGA 
GATGAAGCTCAATACAC 
 
GUS-
histochemical 
staining 
ssi2 TTG GTG GGG GAC ATG ATC ACA GAA 
GA 
AAG TAG GAC TAG CAC CTG TTT CAT 
CC 
 
dCAPS (Nsi I) 
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fab2 CCA ATC AAG TAC TGA ATG GTC 
TTG  GCA ACC CCA GGA TTT CTT 
CAPS  
(Sau96A I) 
sid2-1 CTG TTG CAG TCC GAA AGA CGA 
CTA GAG CTG ATC TGA TCC CGA  
 
CAPS (Mfe 
I) 
FAD7- 
Fwd 
ATGGCGAACTTGGTCTTATCAGAA Genotyping 
FAD7- 
Rev 
GAGGTCAAAGTAAGAGCAGATTGA Genotyping 
fad7-1 GAGGAGTCTCCATTGGAGGAA 
CATGTTGCTAGTAGACCAACCC 
CAPS  
(Sau3AI) 
acbp0  
SALK_104
339 
LP 
 
CGAGGACGGACCAAAAATAAC 
 
Genotyping 
acbp0  
SALK_104
339 
RP 
 
TGATCACGCTTTTTCTCTGTATGA 
 
Genotyping 
ACBP0 
Inter Fwd 
GAGGAGCACGCTGAGAAAGT Genotyping 
ACBP0 
Rev 
TCAGGTTGAAGCCTTGGAAGC Genotyping 
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acbp3 
SALK_012
290 
LP 
 
GTGGTTGCGTAGAAAACGAAG 
 
Genotyping 
acbp3 
SALK_012
290 
RP 
 
GGGTGCTGGAAGGAAACATAC 
 
Genotyping 
ACBP3 
Inter Fwd 
 
GTAGAGAGGCACAACCTATGG 
 
 
Genotyping 
ACBP3 
Rev 
TCACCTCTCCCCTGAAACT Genotyping 
acbp4 
SALK_040
164 
LP 
 
AGGATTTGAATGTGCATCCCT 
 
Genotyping 
acbp4 
SALK_040
164 
RP 
 
GAAGATCACCAAGGTAACGGC 
 
Genotyping 
ACBP4 
Inter Fwd 
 
GTAGAGAGGCACAACCTATGG 
 
 
Genotyping 
ACBP4 
Rev 
TCACCTCTCCCCTGAAACT Genotyping 
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